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ABSTRACT 
Today's highly automated and interconnected power systems have 
I 
created a new need to study the behavior of a power system under 
load-generation imbalances caused by system disturbances.  Loss of 
equilibrium between load and generation will cause a rapid dete- 
rioration of the power system, eventually, even forcing It to 
collapse.  If some means are not developed to counteract the 
effects of these disturbances, a total system shutdown may result. 
The means selected should make it possible for the system to 
regain equilibrium. 
The result of a power system disturbance may be a surplus of 
generation or a deficiency of generation (excess load). A surplus 
of generation raises the frequency of the power system and 
deficiency of generation lowers the frequency of the power system. 
This paper analyses the problem of generation deficiency and the 
resulting low frequency. 
One of the solutions to this problem is application of automatic 
frequency regulated programs to re-establish equilibrium between 
load and generation.  The automatic frequency regulated programs 
can prevent a total system collapse and, also, help in the system 
restoration. 
This paper investigates the techniques for determining the 
important system parameters and frequency characteristics 
that must be considered in establishing a load relief/restoration 
program in order to address the problem of generation deficiency 
(low frequency condition) arising out of a system disturbance. 
The effect of low frequency on the operation of turbine-generator 
and power plant auxiliaries is* very severe, and they must be 
protected before their operating limits are reached. 
Analysis of frequency sensing devices, their settings and 
coordination, and suggested automatic control schemes are 
presented. 
A review and an analysis of PJM/PP&L (Pennsylvania-New 
Jersey-Maryland power interconnection/Pennsylvania Power and Light 
Company) load relief/restoration programs are included. 
The main findings of the thesis are as follows: 
o  Sudden and large losses in generation due to the system 
disturbances can produce a severe generation and load 
imbalance which can result in rapid frequency decline.  The 
frequency decline should be prevented before the equipment 
operating limits are reached. 
o  The frequency decline can be arrested by interrupting a 
portion of the system load (load relief) for a short period 
of time.  After the frequency has recovered to rated, the 
load can be restored. 
o  Due to the speed and certainty of operation,, automatic 
frequency control should be the choice to provide load relief 
to match load and generation. 
o  Upper and lower operating frequency limits (below rated 60 
hertz) should be established before other underfrequency 
system parameters are determined. 
o  The fast electromechanical relays or the new solid state 
relays with their greater precision and stability can 
achieve coordinated systemwide automatic load relief and 
restoration. 
o  Implementation of a load relief program can be achieved 
without undertaking complex and extensive system studies. 
o  The high investment in the turbine-generator units requires 
that they should be protected against damage from the under- 
frequetflf operation. 
CHAPTER 1 
INTRODUCTION ? 
In each of the following illustrations, the cause of complete 
system collapse was generally a major system disturbance of some- 
times known and sometimes unknown origin. 
o  November 9, 1965 - The power failure that plunged 30 million 
people in New York and New England into darkness when the 
whole northeast power system collapsed. 
o  May 16, 1977 - A power failure struck one half of the-state 
of Florida when the Florida Power and Light Company system 
collapsed. 
o  July 13, 1977 - A power failure that plunged the entire city 
of New York into darkness when Consolidated Edison system 
collapsed. 
o  December 19, 1978 - A power failure plunged the whole of 
France into darkness when the French power system collapsed. 
o  January 8, 1980 - A power failure struck the entire state of 
Utah, knocking out electrical service to more than one and a 
half million people when the Utah Power and Light Company 
system collapsed. 
The results of the disturbance were the overloading and subsequent 
tripping of properly operating equipment.  The result of a power 
system disturbance may be a surplus of generation or a deficiency 
of generation.  A surplus of generation raises the frequency 
(overfrequency condition) of the power system and a deficiency of 
generation lowers the frequency (underfrequency condition) of the 
power system. 
Sudden and large'"changes in generating capacity due to the loss of 
generation or key inter-tie can produce a severe generation and 
load imbalance resulting in a rapid frequency decline.  As the 
frequency decreases, the output of generating plant auxiliaries 
begins to fall off rapidly which in turn further reduces the 
energy input to the turbine generator. 
Operation of steam turbine generators and power plant auxiliaries 
at reduced frequency (underfrequency condition) during severe 
overload conditions might cause damage to this equipment.  While 
both the turbine and generator are limited in the degree of off 
frequency operation which can be tolerated, the turbine is more 
restrictive since there are mechanical resonances which could 
cause turbine blade damage in a very short period of time for a 
relatively small change in speed. 
The power plant auxiliary equipment performance, such as boiler 
feed water pumps, induced draft fans, forced draft fans, and 
generator cooling, is affected by the decaying frequency caused by 
an overload. 
The prime mover and their associated generators begin to slow down 
as they begin to carry excess load, and as tie lines to the other 
parts of the system or to the other power pools attempt to supply 
the excess load. 
This combination of events can cause the tie lines to open due to 
overloads, or the various parts of the system to separate (island) 
due to power swings (impedance swings) and resulting instability. 
After having been subjected to a disturbance, the system is 
displaced from its prefault load generation equilibrium to a new 
operating^condition that may or may not be stable.  If the system 
is unstable and the load exceeds the generation, prearranged 
automatic relief Q£  jieme customer loads can prevent total system 
collapse, minimizing total outage time and damage to generating 
equipment from underfrequency operation.  Once the system recovers, 
service to the customers can be restored without delay and the 
system can be returned to rated 60 hertz operation. 
However, if the frequency continues to fall, then, at some prede- 
termined frequency set point, the generating unit should be 
separated and maintained with auxiliary load for quick synchro- 
nizing and restoration until system conditions again return to 
no rma1. 
The term "load relief" is an attempt to express the necessity 
which faces the power system's engineer when the load on the 
system suddenly exceeds available generating capacity. 
Traditionally, it is called "load shedding", or sometime^ "load 
conservation", or "load protection" with the implication that some 
reduction in load is needed. 
This thesis attempts to define load relief programs to meet a 
specific security level within which widespread system cascading 
can be avoided. 
Restoration of service during emergency conditions can be looked 
at as the opposite of load relief.  In principle, a program similar 
to the one for load relief can be applied for the service restor- 
ation.  The principal objective of a restoration program should be 
to minimize the service curtailment and the equipment damage. 
Fast restoration of service can mitigate the impact on the public 
of a total system shutdown. 
Service restoration after a disturbance creates several problems; 
one of them is, when trying to reconnect a disconnected load, the 
present potential demand is not exactly known. The local demands 
at the time of restoration are not necessarily equal to the demand 
prior to the load relief. Some customers' demand will increase 
after a power outage, while others reduce. Nevertheless, restor- 
ation programs can be designed and successfully implemented along 
with the load relief programs. 
It is, therefore, very important that generation deficiency should 
be quickly recognized and necessary steps taken to prevent the 
disturbance from cascading into a major system collapse with the 
loss of life and/or property.  Properly designed and coordinated 
/a-. 
frequency-regulated load relief programs should be applied to 
provide needed load relief to match load and generation. 
This thesis examines how a major eastern power interconnection, 
PJM (Pennsylvania-New Jersey-Maryland), and a major utility, PPfiiL 
(Pennsylvania Power and Light Company) develop, select, and 
implement frequency regulated load relief/restoration programs to 
address the problem of generation deficiency arising out of a 
system disturbance. 
This thesis also discusses and analyzes the factors and schemes 
involved in applying frequency-actuated device characteristics and 
their application in designing effective load relief/restoration 
programs for a given power system. 
The implementation portion of the load relief/restoration program 
is the most important part.  The effectiveness of the program will 
depend largely on this portion.  The implementation portion 
consists of "relay selection", "relay setting and coordination" 
and the "development of load relief restoration schemes." This 
thesis presents new ideas and techniques in these areas. 
»T.- 
Since it is necessary to evaluate the effectiveness and the degree 
of protection provided by each scheme, a brief comparison of each 
scheme is also included. 
In this thesis the overfrequency condition is not analyzed since 
the occasions for higher than rated frequency operation of systems 
are limited to few cases such as excess load relief, synchronizing 
t£A> 
to islanded systems and sometimes in preparation to pickup heavy 
load areas. The duration of such operations are very short.  In 
general, overfrequency poses less problems because operator and/or 
control action can be used to restore rated frequency operation. 
The study will be limited to the development of load relief/ 
restoration programs and schemes based on the underfrequency 
principles for minimizing the cost of service curtailment and the 
i 
equipment damage during a severe system disturbance. 
In order to design load relief/restoration programs, a clear 
understanding of power system operation is essential.  In this 
study, power system emergency conditions and subsequent applica- 
tion of load relief/restoration programs are represented as shown 
in Figure 1, page 11.  This is a plot of various events which 
take place from the time the disturbance starts to the time the 
system is restored.  For example, let one assume a major equipment 
generator or transmission line, suddenly and without warning, 
fails.  The events following this failure can be represented as 
follows: , .1 
Pre-disturbance condition:  Stable operation at rated 60 hertz 
frequency with load equaling generation. 
10 
P-0-4. 
P-0-0 
P-O-L - PRE-OISTURBANCE CUSTOMER LOAD 
P-O-0 - PRE-OISTURBANCE OPERATING POINT (LOAD = GENERATION) 
EVENT t - INITIAL DISTURBANCE STARTS - FAULT ISOLATED 
EVENT 2 - FAILURE OF ADDITIONAL EQUIPMENT - LOAO RELIEF PROGRAM ACTIVATES 
EVENT 3 - LOAO RELIEF PROGRAM SUCCESSFUL - SYSTEM RECOVERS 
EVENT 4 - RESTORATION PROGRAM SUCCESSFUL 
EVENT S - PRE-OISTURBANCE CONDITION RESTORED 
Figure 1 - Power System Emergency Conditions and 
Application of Load Relief/Restoration 
Programs 
11 
Event 1, - Disturbance Occurs: High speed relay protection isolates 
the faulted equipment, shifting the load previously supplied by 
this equipment.  Duration of this event is very short, approximately 
15 cycles on 60 hertz basis. 
Event 2 - Load Relief Starts: Further deterioration and declining 
frequency of the system may be caused by the tripping out of 
additional equipment due to overload condition or loss of 
synchronism between various groups of generators.  At this point 
the load relief program activates.  Duration of this event is 
approximately several seconds to several minutes. 
Event 3 - Load Relief Program Successful:  Load relief program 
operates successfully, system recovers and operates at a new 
stable equilibrium state. 
Event 4 - Restoration Starts: Restoration of the system starts. 
The surviving spinning generators and standby reserves are brought 
to full power; imports from adjacent systems are increased; properly 
operating equipment and parts of the system disconnected during 
Event 2 are reconnected; and shutdown generation is brought back 
into service.  Duration of this event - varies. 
12 
Event 5 - Restoration Successful: Restoration program operates 
successfully.  Load and generation are matched to their predis- 
turbance condition.  Rated 60 hertz stable system operation is 
restored. 
The representation shown in Figure 1, page 11, is a theoretical 
sequence of events on which load relief/restoration programs can 
be designed by the power system engineers to control the problem 
of load/generation imbalance caused by the declining system 
frequency. 
13 
CHAPTER 2 
PJM/PP&L Load 
^ Relief/Restoration Programs 
Until several mijor power failures occurred in the mid-sixties, 
utilities in United States were not convinced that the load 
relief/restoration programs would prevent or even lessen power 
system failures.  However, as recorded in the technical 
literature, programs of load relief/restoration have been in 
use for many years [11(2].  The idea is therefore not new.  Such 
programs, today, are widely applied by the utility companies in 
the United States and other countries although application 
practices differ considerably. 
2.1 PJM Practices and Philosophy - Historical Background 
The Pennsylvania-New Jersey-Maryland power pool (referred to 
as PJM) is a fully coordinated interconnection consisting of 
eleven member systems (Figure 2, Pag6 15) which serve all or 
part of the states of Pennsylvania, New Jersey, Delaware, 
Virginia, and District of Columbia.  PJM is operated on a 
single system basis with free power flowing ties between the 
member systems.  PJM is a reporting party to the Mid Atlantic 
Area Council (MAAC), a reliability association. 
14 
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Figure 2 - PJM  Interconnection Member Systems 
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The recorded peak demand of the PJM interconnection for the 
year 1980 was 34,420 MW with a varied generation mix of 
fossil steam, nuclear steam, hydro, and combustion turbines. 
It is advantageous, for reasons of(stability and economy, to 
operate in parallel as part of an interconnection.  In periods 
of need, interconnected companies can draw on one another's 
spinning reserves, increasing reliability of system operation 
and contributing to continuity of service to customers. 
When a disturbance occurs in PJM system as a result of loss 
of equipment, loss of transmission facilities, or as a result 
of unexpected load, a prime consideration is to maintain 
parallel operation throughout the PJM interconnection and 
with the neighboring interconnections.  If the PJM intercon- 
nection is the deficient system and sufficient assistance 
from the neighboring interconnections can not be obtained, 
PJM philosophy is to take load relief measures. 
2.2 PJM Load Relief Program 
Approximately a thirty percent automatic load relief measure 
is applied throughout the PJM interconnection to minimize the 
occurrence of total system shutdown due to load generation 
imbalances. 
16 
The present load relief program in use by the PJM member 
systems is based on this 30 percent load relief requirement. 
It was first established after the 1965 Northeast Blackout 
and subsequently was reaffirmed in a 1979-80 PJM "Capacity 
and Transmission Planning Subcommittee Study" [4-5]. 
The 30 percent load relief program is applied in three steps 
with the following sequence of operations: 
■© 
STEP 1 - 10 percent load relief at a frequency set point of 
59.3 hertz. 
STEP 2 - 10 percent additional load relief at a frequency 
set point of 58.9 hertz. 
STEP 3 - 10 percent additional load relief at a frequency 
set point of 58.5 hertz. 
Three PJM Systems, PEPCO (Potomac Electric Power Company), 
GPU (Metropolitan Edison, Jersey Central Power & Light and 
Pennsylvania Electric), and AE (Atlantic City Electric) have 
further refined their programs.  PEPCO and GPU use a nine 
step program with ten percent load relief at 59.3 hertz and 
approximately 2.5 percent load relief at 0.1 hertz intervals 
down to 58.5 hertz while still maintaining the above PJM 
17 
guideline of 30 percent load relief.  AE uses a six step 40 
percent load relief scheme with 10 percent load relief at 
59.3 hertz, another 10 percent at 58.9 hertz, 2.5 percent at 
58.8, 2.5 percent at 58.7, 5 percent at 58.6 and the last 10 
percent at 58.5 hertz. 
Amount of Load Selection and Area Separation Within PJM 
Interconnection 
The selection of a 30 percent load relief amount is based on 
the past assumption and present studies.  In the past, the 
worst contingency PJM system could have was the loss of 
Keystone (1800 MW), Conemaiigh (1800 MW), and Homer City (1800 
MW) units while importing approximately 3000 MW of power from 
the other interconnections. This was about 24 percent of 
35000 MW PJM peak load. This same percentage results today 
if nuclear units at Peach Bottom (2400 MW), Salem (2400 MW), 
and Three Mile Island.(900 MW) are forced out.* 
*Both of the Three Mile Island Units are out of service since the 
emergency created by the March, 1979 accident in Unit 2. 
18 
The load relief requirement, based on the above assumption, 
had to be independently verified by extensive probability 
studies to see which areas of the PJM system were more likely 
to get separated due to generation deficiency in that area. 
The load relief requirement is highly dependent upon the area 
separation or formation of electrical islands.  Generally, a 
severe power system disturbance could cause loss of tie lines 
which may restrict power transfer capacity in an area. The 
area may become deficient in generation; resulting overload 
and declining frequency due to generation deficiency could 
cause loss of interconnection and isolation of the area into 
an electrical island.  At this point, low frequency operation 
or more likely a complete shutdown of the electrical island 
may occur unless the correct amount of load relief is applied 
to balance the load with the generation in the island. 
Therefore, it is reasonable to assume that the probability of 
electrical island formation can be determined by the unavail- 
able tie line capacity in a given area of a power system. 
The formation of electrical island is not readily predictable 
in PJM interconnection due to the strength and configuration 
of its transmission system.  Nevertheless, elaborate proba- 
bility studies with computer modeling of system were conducted 
19 
in 1979-80 by PJM interconnection's "Capacity and Transmission 
Planning Subcommittee" [4-5]. 
The results of these studies indicate that the probability of 
separation of a PJM interconnection subarea (representing 
concentration of load) into an electrical island with more 
than 30 percent generation deficiency is very low.  Based on 
this low probability it was reasoned by the PJM "Capacity and 
Transmission Planning Subcommittee" that a 30 percent load 
relief program is sufficient for the PJM interconnection as a 
whole, although, some areas of PJM may need less than a 30 
percent load relief measures while others may require more 
than 30 percent. 
2.3 PJM Turbine-Generator Protection and Plant Isolation Program 
Presently, in the PJM interconnection, there is no uniform 
practice in applying low frequency devices for the turbine 
generator protection during declining system frequency. 
Automatic underfrequency devices or manual actions are used 
in the PJM interconnection for tripping or isolating steam 
units to prevent possible damage to the turbine blades or 
the plant auxiliaries.  Here the term "isolation" means the 
20 
unit is separated from the system but continues to run, 
supplying its bus and auxiliaries.  With the unit available 
and running, the time to restore after a disturbance is 
reduced considerably.  At this point, only a few member 
companies isolate their units. 
PJM member systems have adopted a turbine-generator protec- 
tion program for the tripping or isolation of turbine - 
generators along with their multistep underfrequency load 
relief program.  The turbine-generator tripping will be 
relied on as the last step to protect the unit at the 
following frequency set point: 
Steam (Fossil or Nuclear) - 57-5 hertz for 5 seconds - should 
the frequency drop to 57.5 hertz and stay at or below this 
level for 5 seconds then manual or automatic tripping or 
isolation of unit is recommended. 
It is recognized by the PJM member systems that the hydro 
turbine generators are capable of carrying loads below 57.0 
hertz for prolonged periods of time without damage to the 
turbines.  Therefore, the PJM interconnection has no policy 
of automatic or manual tripping or isolation of hydro turbine- 
generator units. 
21 
2.4 Application of Under Frequency Sensing Devices in the PJM 
Load Relief Program 
Most power utilities and interconnections have determined 
that frequency alone would be adequate to perform load relief 
measures during system emergencies.  While some utilities and 
interconnections have used, and are using, a combination of 
frequency, voltage, current, rate of frequency decay, power 
flows and time delays to initiate the reduction of load, 
the PJM member systems use frequency sensing for its load 
relief program. 
The basic philosophy used in the application of frequency 
sensing devices in the PJM system is to protect against an 
abrupt plunge rather than against gradual frequency decay. 
To implement the load relief program, the frequency sensing 
devices used are of the solid state and electromechanical 
types.  Approximately 28 percent of the devices used in the 
PJM system are of solid state type and 72 percent are of the 
electromechanical type [4-5]. 
The two classes of devices used in PJM system are solid state 
SFF relay (G.E.), PFR and SFR relays (Hathaway); electromecha- 
nical KF relay (Westinghouse) and CFF relay (G.E.). These 
22 
two classes of relays have a considerable difference in the 
elapse time required before circuit breaker tripping is 
initiated.  The operating time is dependent upon the rate of 
frequency decay in the electromechanical relays, whereas the 
static relay operating time is independent of rate of 
frequency decay. 
An October 19.77 survey of underfrcquency relays used by the 
PJM member systems is listed in Table 1(a) and 1(b), pages 
24 and 25. 
Mixing different types of relays with different operating 
time in the load relief scheme, effectively increases the 
number of load relief steps compared to the schemes employing 
only one type of relays.  Therefore, the actual tripping of 
load in the PJM system with present three-step program actually 
results in tripping of load in more than three steps [5]. 
2.5 Restoration of the PJM System after a Load Relief Incident 
At the present time, PJM philosophy is to restore manually 
most of the system load after a load relief incident. The 
sequence of events during restoration of service after a load 
23 
PJM 
MEMBER 
SYSTEM 
TOTAL 
NUMBER 
OF 
INSTALLA- 
TIONS 
WESTINGHOUSE ELECTRO- 
MECH. KF RELAY 
INSTALLATIONS 
GENERAL ELECTRIC 
ELECTRO-MECH. CFF 
RELAY INSTALL. 
ONL- 
RELAY 
TWO 
RELAYS 
ONE 
RELAY 
TWO 
RELAYS 
ATLANTIC 
CLtCTRIC 
(NOTE 3) 
33 19 1 13 - 
BALTIMORE 
GAS (NOTED 
37 10 n 8 8 
(NOTE 4) 
DELMARVA 
POWER (NOTE 1) 
67 12 10 26 19 
JERSEY 
CENTRAL 
(NOTE 2) 
ill v* ■* 111 
METROPOLITAN 
EDISON 
(NOTE 2) 
46 - - 46 - 
PENN. ELECTRIC 
(NOTE 2) 
56 56 - - - 
PP&L (NOTE 1) 173 36 117 - 20 
Continues on Table 1(b), page 25 
NOTES: 
1. Frequency set points are .-59.3, 58.9, 58.5 hertz; 10 percent 
load relief at each point; fixed time delay - 6 Cycle, or 8 
Cycle, or 21 Cycle; 
2. Frequency set points are - 59.3, 59.2, 59.1, 59.0, 58.9, 58.8, 
58.7, 58.6, 58.5 hertz; 10 percent load relief at 59.3 hertz 
and 2.5 percent at each successive set points; fixed time 
delays - 3 Cycle, or 6 Cycle, or 9 Cycle; 
Continues on Table 1(b), page 25 
(Source - PJM Relay Subcommittee) 
Table 1(a) - An October 1977 Survey of Underfrequency Relay 
Installation in PJM Interconnection 
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PJH 
MEMBER 
SYSTEM 
TOTAL 
NUMBER 
OF 
INSTALLA 
TIONS 
WESTINGHOUSE ELECTRO- 
MECH. KF RELAY 
INSTALLATIONS 
GENERAL 
ELECTRO 
RELAY 
ELECTRIC 
-MECH. CFF 
INSTALL. 
ONE 
RELAY 
TWO 
RELAYS 
ONE 
RELAY 
rwo 
RELAYS 
PHILADELPHIA 
ELECTRIC 
(NOTE 1) 
291 147 - 144 - 
PUBLIC SERVICE 
ELECTRIC 
(NOTE 1) 
112 44 - 33 30 
Solid State Relay Installations 
PJM 
MEMBER 
TOTAL 
NUMBER 
OF 
INSTALLA- 
TIONS 
GENERAL ELECTRIC 
SFF RELAY 
HATHAWAY PFR & 
SFR INSTALLATIONS 
SYSTEM INSTALLATIONS PFR 
RELAY 
SFR 
ONE 
RELAY 
TWO 
RELAYS 
RELAY 
POTOMAC 186 - - 138 43 
ELECTRIC 
(NOTE 2) 
Each relay is a three 
step relay and equals 
three installations 
PHILADELPHIA 
ELECTRIC 
(NOTE 1) 
16 16 
PUBLIC SERVICE 
ELECTRIC 
(NOTE 1) 
10 8 2 
NOTES: 
4. Contacts of KF and CFF relays are connected in series, an 
installation of this kind is considered to be of CFF type 
because CFF operates slower than KF. 
Table 1(b) - An October, 1977 Survey of Underfrequency Relay 
Installation in PJM Interconnection 
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relief incident are as follows: 
o   After system frequency stabilizes, the necessary genera- 
tion will be re-started, and the essential,transmission 
lines will be reenergized. 
o   Some loads, where supervisory control is available, will 
be restored by way of the remote supervisory control, 
generally within minutes. 
o   Some load will be restored locally, on location, after 
the necessary lockout relays are reset - time about one 
hour or more, depending on the nature and extent of the 
system disturbance. 
o   The System Operator in each affected PJM area will 
coordinate and direct all restoration efforts 
methodically as the system becomes capable of sustaining 
it- 
Currently, automatic restoration of load after a load 
relief incidence is viewed as undesirable by the PJM 
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member systems due to the following concerns: 
i 
o   Automatically restoring the load may defeat 
the original purpose of the load relief program 
by forcing load into a system which may not 
have the generation and transmission capability 
to support it. 
o   A workable automatic reclosure system must be 
sophisticated enough to coordinate load restoration 
with other essential system parameters for most of 
the operating conditions. 
o   Automatic restoration may not be technically and 
economically feasible, and might result in unneces- 
sary pumping (trip and close). 
For these reasons, the PJM recommendation is to continue 
the use of manual restoration with emphasis on supervisory 
control as a means of supplying the human interface 
essential for flexibility of operation. 
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2.6 PP&L Load Relief/Restoration Practices 
• Pennsylvania Power and Light Company (PP&L) being a part of 
the PJM interconnection, adheres to all of the PJM guidelines 
in the area of load relief and restoration.  Basically, in 
the PP&L system, underfrequency electromechanical type KF 
relays are used for a 30 percent automatic load relief, at 
distribution type 69-12 kV Substations. 
PP&L Load Relief Program 
The PP&L load relief program was started in 1968 with the 
application of automatic underfrequency relays to meet the 
PJM 30 percent load relief requirement.  Subsequently, with 
the advent of supervisory control, the program was expanded 
to add manual capability. 
The PP&L program is a three part program consisting of auto- 
matic action, manual action, and generator tripping.  Table 
2, page 29, gives a summary of PP&L load relief program. 
PP&L Automatic Load Relief Program 
Figures 3 and 4, pages 30 and 31, show the PP&L automatic 
load relief scheme.  This scheme offers many innovative 
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NO. OF STEPS 1 2 3 
GENERATOR 
TRIPPING 
Frequency set 
points (hertz) 
59.3 58.9 . 58.5 57.5 
Amount of load 
relief (percentage) 
10 10 10 Trip 
Unit 
Type of distribution 
substation (Note 1) 
B or AA B or AA A Gen. 
Plant 
Relay type KF KF KF CFF 
No. of relays 2 2 2 2 
Potential source for 
each relay 
Separate Separate Separate Separate 
Undervoltage 
cutoff 
00 VAC 80 VAC 80 VAC - 
Time Delay 6-30 Cycle 
AC 
6-30 Cycle 
AC 
6-30 Cycle 
AC 
6-30 Cycle 
AC 
Security level 
(Note 2) 
Both KF 
contacts 
in series 
Both KF 
contacts 
in series 
Both KF 
contacts 
in series 
Both CFF 
contacts 
in series 
Relay operating 
time 
11 Cycle 11 Cycle H Cycle 18 Cycle 
Fixed time delay 6 Cycle 6 Cycle 21 Cycle 6 Cycle plus 
5 seconds 
Aux. relay time 1 Cycle 1 Cycle 1 Cycle 1 Cycle 
Circuit breaker time 5 Cycle 5- Cycle 5 Cycle 5 Cycle 
Total time 23 Cycle 
(0.385 
seconds) 
23 Cycle 
(0.385 
seconds) 
38 Cycle 
(0.635 
seconds) 
5.42 
seconds 
NOTES: 
1. Refer to figures 3, 4, or 5, pages 30, 31, and 36. 
2. Based on a rate of change of 2 hertz/second 
Table 2 - Summary of PP&L Load Relief Program 
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52 - CIRCUIT  BREAKER 
UF - UNOERFREOUENCY 
81   - UF  RELAY 
T B9KV SOURCE 
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Figure 3 - PPSL Distribution Substations - 
Upderfrequency Relay Applications 
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Figure 4 - PP&L Underfrequency Relay Control Scheme 
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design features which allow considerable flexibility for 
remote control supervisory operation. The important design 
features are as follows: 
o   Two relays with their contacts in series - to provide 
security against false trip for the failure of any one 
relay. 
o Two independent potential sources - to provide security 
against false trip for the failure of any one potential 
source. 
o   Underfrequency relay operation blocked below 80 volts 
ac - to provide security against the misoperation due to 
decaying frequency and voltage maintained by motor load 
backfeed following an interruption of 69kV source on the 
"Type A" type distribution substations. 
o   Underfrequency relay operation with 21 cycle time delay 
on third step - to override the slow decaying voltage 
and frequency backfeed by motor loads due to an inter- 
ruption of 69 kV source on the "Type A" type distribu- 
tion substations. 
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o   Underfrequency operation with 6 cycle time delay on 
steps 1 and 2 - to override the transients created by 
the sudden removal and restoration of ac input voltage. 
o   Supervisory control of automatic load relief scheme. 
(i) Remote control-ability to block or unhlock, as 
desired, operation of entire control scheme. 
(ii) Following an underfrequency operation the scheme 
can be reset by way of remote supervisory control. 
This action restores supervisory control of the 
load. 
(iii) Operating status of the underfrequency relay scheme 
is monitored by way of supervisory control. 
o   Convenient local pushbutton reset is provided at the 
substation. „ 
o   All components of the underfrequency relay control 
scheme are packaged in a small outdoor type cabinet. 
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PP&L Manual Load Relief Program - PP&L's manual load relief 
program is applied by way of supervisory control at the 
69-12kV distribution substations.  PP&L believes that manual 
load relief under supervisory control will be required in 
the future to prevent an ultimate system collapse.  Although, 
at present PP&L has the capability to drop virtually all 
load in large blocks by us\ng supervisory control at the 
230/69 kV high voltage substations, control at this voltage 
level indiscriminately drops all load in that area without 
regard to high priority customers.  Therefore, the only 
means of load relief accepted is at the level of 12 kV 
distribution voltage. 
The manual remote control program covers approximately 50 
percent of the total system load by the use of Supervisory 
Control And Data Acquisition (SCADA) system. The SCADA 
system allows opening and closing of 12 kV line breakers 
from the control centers.  20 percent of the 50 percent load 
is also under automatic underfrequency control to provide an 
intentional overlap of the two programs.  The 30 percent 
load is solely under SCADA or supervisory control. 
2.7 PP&L Practice of Turbine - Generator Protection - When the 
ability of the PP&L load relief program is exceeded, a 
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subsequent measure, in line with the PJM interconnection 
guideline, is to trip the generating unit. 
The tripping of the turbine-generator will avoid damages to 
turbine blades and/or loss of life due to low frequency 
operation.  The generating unit is tripped if frequency decays 
to 57.5 hertz or below and stays at that level for 5 seconds. 
Two G.E. Company CFF type relays are used as shown in figure 
5, page 36, with separate potential sources off the generator 
terminals.  Tripping is permitted only when the highside 
generator circuit breaker is closed. 
PP&L does not rely on manual tripping of generating units 
since the time required for tripping is very short after the 
frequency set point is reached and the timer has timed out. 
It is assumed that any operation after that time could reduce 
the unit life or cause damage to turbine blades. 
PP&L Restoration Practices - Restoration on the PP&L system 
after an underfrequency incidence will take place manually. 
Since 66 percent of the load dropped under automatic load 
relief program is also under supervisory control, restoration 
of this portion of the load will be achieved within minutes 
after the necessary generation is brought back on the line. 
35 
52 HIGH  SIDE 
KJ<JLA*J UNIT 
rY^fy^\   TRANSFORMER 
52 - CIRCUIT BREAKER 
PT - POTENTIAL TRANSFORMER 
CFF - 6.E. CO. UNOERFREQUENCY RELAY 
•L     -  NORMALLY OPEN CONTACT 
PT 
#-0 
PLANT AUXILIARIES 
CFF 
PT 
GENERATOR 
(+) 
52 il-l      81-2 
TIMINQ 
UNIT TRIP GENERATOR 
SET FOR 
5 SECONDS 
Figure 5 - PP&L Generator Tripping Scheme 
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This reduces the manpower requirements to man the affected 
substations.  The remaining 34 percent of load would be 
restored at the locations by the substation repair crew. 
In this chapter, a review of the PJM interconnection and the 
PP&I System*s load relief/restoration program has been presented. 
With the overall plan of load relief, generator tripping and 
\     isolation, chances are that their system will not experience 
a total shutdown. 
Automatic load relief, program with manual restoration by 
means of the SCADA control provide considerable flexibility 
in the application of load relief/restoration program in the 
PP&L system. . 
The next chapter deals with the power system parameters which 
must be determined in order to investigate the system frequency 
characteristics and the amount of overload against which 
protection is desired.  The system parameters and the frequency 
characteristics are different for each system, and therefore 
must be determined for that particular system. 
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CHAPTER 3 
DETERMINATION OF SYSTEM PARAMETERS FOR THE UNDERFREQUENCY 
LOAD RELIEF/RESTORATION PROGRAMS 
Load-generation imbalances resulting from sudden overloads or 
deficiency in generating capacity should be quickly recognized, 
and corrective measures, such as load relief, should be applied to 
prevent a major system collapse.  But, before corrective measures 
can be discussed, it is essential to investigate some charac- 
teristic phenomena associated with these conditions. 
The reduction in system frequency is the one characteristic pheno- 
menon which is indicative of overloads or generating capacity 
deficiency. 
The exact behavior of the system frequency is difficult to calcu- 
late because of constant changes in such parameters as system 
expansion or reduction, the nature of the load, the airoum of 
generation, and the location and time of system disturbances.  In 
spite of these unpredictable parameters, it is possible to 
evaluate frequency variations in an overloaded system with the 
38 
help of following assumptions: 
•i 
o  Governor action can be neglected.  Governor action will not 
increase the steam turbine output fast enough to be of any 
consequence. 
The governor senses small changes in speed resulting from 
gradual load change and adjusts the mechanical power input 
to the generating units in order to maintain rated 60 hertz 
operation. 
o  The load torque varies as some power of system frequency. 
As the frequency decreases, load torque decreases and the 
decreasing load torque provides a damping effect on the 
frequency decay.  The power of the frequency by which the 
load torque varies is termed the "load reduction factor". 
o  The generator torque varies inversely with the first power 
of frequency.  As the frequency decreases, generator torque 
increases and the increasing generating torque provides 
damping effect on the frequency decay. 
In Appendix A, page 174, we calculate the frequency decay charac- 
teristics with the help of the above assumptions and the basic 
equation of the rotating machine. 
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% 
Once the system frequency characteristics are determined for a 
sudden loss in generation, the minimum and maximum permissible 
decay in frequency that can be permitted can be selected and an 
effective load relief program can be designed to restore load and 
generation balance by determining the following additional 
parameters: 
o  The required amount of overload against which protection is 
required. 
o  The required number and size of load relief steps. 
o  The required type of measuring techniques to be applied to 
sense overload. 
o  The required equipment operating limits-system separation and 
turbine-generator tripping or isolation. 
i 
o  The required load restoration techniques-manual or automatic. 
3.1 System Frequency Characteristics 
The basic relationship between load and generation, which 
governs the operation of a power system at rated 60 hertz 
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frequency, can be written as: 
2  Generation = 2    Loads + I Real Power Losses 
If the losses are negligible in comparison with the total 
load, then the total mechanical power input from the prime 
movers to the generators is equal to the sum of all the 
connected loads and can be written as: 
2    Generation (G) = 2    Loads (L) 
If load and generation are in balance, there is no change in 
generator speed or system frequency with respect to time and 
the system operates at rated 60 hertz, or whatever frequency 
existed at the time of balance. 
If, suddenly, due to system disturbances, this balance is 
disturbed, a change in generator speed will occur, causing a 
proportional change in system frequency, which can be written 
as; 
2    [G]    <    2    [LJ - Insufficient Mechanical power input; 
generator rotor slows down. 
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I [G]  > I  [L] - Excess Mechanical power input; 
generator rotor speeds up. 
In order to determine the effect of overload, the system 
behavior during insufficient mechanical power input must be 
studied to determine the frequency variations.  During insuf- 
ficient mechanical power, the per unit overload on a system 
can be defined as: 
[on   .   lil^JSl 
where 
[GR] = Summation of all the remaining generation or 
available generation, per unit. 
[L]    =  Summation of all the connected load, per unit. 
[OL] = System overload, per unit. 
The per unit overload does not depend on the amount of gener- 
ation lost.  The generation lost on the original generation 
base will be somewhat less than the overload on the remaining 
generation base.  For example, a 0.1 per unit overload 
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corresponds to a 0.09 per unit loss in generation: 
o.i = i-° - G* 
GR 
GR =0.91 per unit 
Loss of generation = 0.09 per unit 
For a 10 percent overload, loss of generation is only 9 
percent.  A 1.0 per unit overload corresponds to a 0.5 per 
unit loss in generation: 
!.0= 
l
-°  - 
GR 
GR 
GR = 0.5 per unit 
For a 100 percent overload, loss of generation is only 50 
percent.  The actual overload will be somewhat less due to 
the effect of load damping. 
Once the system overload is defined, then the basic relation- 
ship between the frequency and time can be derived for the 
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various amounts of overload.  The rate at which system frequency 
will decline, and possibly stabilize at a lower level, will 
depend on the following factors: 
o   the per unit overload 
o   the system inertia constant 
o   and the load reduction factor 
The inertia of the physical mass of the rotating machines 
enables an electrical system ^^absorb load surges to some 
degree.  The higher the inertia constant, the lower the rate 
of change of frequency and vice-versa. 
The value of system inertia constant could vary from 3 to 10, 
(typical), depending upon the type of the system. 
Another system parameter that affects frequency decay is the 
load reduction that results from the decrease in system 
frequency.  The load decrease with system frequency varies 
from one system to another and cannot be accurately determined; 
its effect is to reduce the rate at which frequency drops and 
thereby help to stabilize system frequency at some reduced 
value.  The value of this parameter could vary from 1 to 7 
(typical), depending upon the type of the System. 
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Appendix A, page 174, shows the effects of generator and load 
torques on the variation of frequency with time. 
Figure 6, page 46, shows the reduction in frequency with time 
for various degrees of system overload.  These curves indicate 
that as the frequency decreases, the increasing generator 
torque and the decreasing load torque tend to dampen the rate 
of system frequency change and cause the frequency to settle 
out at a constant value below rated. 
Figure 7, page 47, shows the recovery of system frequency 
with time due to the effect of various amounts of load relief 
in one single step for an initial overload of 25 percent. 
These curves show that the frequency recovers to rated 60 
hertz when amount of load relief equals the overload. 
This is due to the fact that as the frequency decreases, the 
generator torque increases faster than the decrease in total 
load torque. 
If the load relief is less than the overload, the final 
frequency will be less than rated 60 hertz, and if load 
relief is higher than the overload, the final frequency will 
be higher than the rated 60 hertz. 
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Figure 8, page 49, shows the recovery of system frequency 
with time due to the effect of an initial overload of 25 
percent with load dropped in three 10 percent steps.  By 
using this procedure, the frequency characteristics with any 
number of load relief steps can be derived. 
In all of these cases, the percent of overload and load 
relief blocks all were on the remaining generation base. 
By using the Appendix A, page 174, it is possible to arrive 
at a reasonably accurate frequency characteristic for the 
establishment of an effective load relief program. 
3.2 Amount of Overload 
The amount of overload against which protection should be 
provided can be determined by various methods, after system 
frequency characteristics are known. 
The first method which can be used is to find the likely 
points of system separation, following a system disturbance, 
with the help of system stability studies.  This method will 
determine likely areas of system separation and an estimation 
of probable overloads in the separated areas.  (3-4][7] 
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The second method which can be used is to select a final 
desired frequency below which system operation will not be 
allowed.  Then by using a trial and error method, a number of 
maximum overload cases representing 20, 25, 30, 35, 40, 45, 
55, 60 and 65 percent load relief can be studied to select 
the most optimum amount of overload which should be protected 
by the load relief program. 
The exact amount of system overload required lor a load 
relief program is very difficult to determine due to the 
uncertainty of the system disturbances and resulting area 
separation.  Where and when an area is going to get separated 
from an interconnected system and the available generation in 
the area, cannot be predicted with a reasonable accuracy. 
Therefore, some trial and error procedures are required to 
develop the most optimum amount of overload against which 
protection is to be provided. 
3.3 Number and Size of Load Relief Steps 
After determining the acceptable amount of overload, the 
second most important step in designing a load relief program 
is the determination of stable frequency limits for the 
amount of overload selected, that is, establish the lower 
and the upper underfrequency operating limits. 
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Lower Underfrequency Operating Limit - It is essential to 
establish the lowest underfrequency excursion below which 
system operation will not be possible without damage to the 
generating plant equipment.  The principal causes of equip- 
ment damage are:  fatigue to turbine blades from resonance 
stresses and overheating from reduced ventilation.  Under- 
frequency protection should be provided against these 
failures and these factors should determine the lowest allow- 
able operating frequency below which no system operation 
should be permitted.  The value of this frequency point 
generally centers around 57.0 hertz, depending upon the type 
and the manufacturer of the turbine.  The lowest under- 
frequency limit for a load relief program should be 
established above this frequency. 
Upper Underfrequency Operating Limit - It is equally essential 
to establish the upper underfrequency operating limit or 
sustained underfrequency operating point, at or above which 
no adverse effect should result in the operation of a power 
system, even if the largest single unit in the system is 
forced out.  The value of this frequency point, again, 
generally centers around 59.5 hertz. 
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Once the upper and lower underfrequency limits, along with 
the required amount of overload, are determined, then a load 
relief program can be designed to interrupt the load in 
multiple steps between the selected underfrequency limits. 
The numbers and size of underfrequency steps should be selected 
with the aim of quickly establishing load and generation 
balance. 
A number from three to ten with a size of 2.5 percent to 10 
percent load blocks should be sufficient for designing a load 
relief program. 
• .I 
Caution should be used in sizing the underfrequency load 
relief steps because if steps are large in size, excess load 
relief could occur; on the other hand, smaller blocks of load 
will prolong the underfrequency operation and hence will 
delay the recovery. 
The larger and fewer blocks of load could result in dropping 
of more load than required.  This technique does allow a more 
rapid return to rated system frequency.  With a more rapid 
return to the rated system frequency, inter-area tie lines 
can be closed more rapidly, allowing the system to regain its 
full integrity faster. 
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The number and size of load relief steps should be such that 
a reasonable balance could be maintained between the excess 
loa-d relief and the prolonged underfrequency operation. 
3.4 Frequency Set Points and Frequency Spread Between Steps 
The initial underfrequency set point selected should be such 
that at any frequency above it, a continuous system operation 
could be maintained without any adverse effect on the system. 
The final underfrequency set point should be selected above 
the turbine-generator protection set point so that the operation 
of load relief program will not trip or isolate the generating 
unit. 
Once the initial and final frequency set points are selected, 
the remaining frequency set points can be chosen somewhat 
arbitrarily, a frequency spread of 0.2, 0.3, 0.4, or 0.5 
hertz, or a combination of these can be adopted.  The first 
few set points could have a closer spread to allow a faster 
response to initial overload. The last few steps could be 
spaced wider to avoid excess load relief. 
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The underfrequency set points and their spread should be 
checked against underfrequency relay coordination; spacing 
too close may operate a second step before the first step had 
a chance to operate.  The slower electromechanical type 
underfrequency relays may require wider spread between the 
set points than the fast operating solid state type relays. 
3.5 Rate of Change of Frequency Sensing 
The rate at which the system frequency decreases due to an 
overload condition is dependent upon the actual generation 
deficiency in the system and is not a constant due to the 
fact that the load itself is dependent on the voltage and the 
frequency.  If the generation deficiency is higher, the rate 
of change of frequency is faster and vice-versa.  Depending 
upon the amount of generation deficiency, the rate at which 
frequency decreases could be from one hertz to several hertz 
per second.  It indicates that the frequency decay is oscil- 
latory in nature. 
The advantages offered by the rate of change of frequency - 
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measurements are: 
o   In case of severe generation deficiency, this measurement 
accelerates the load relief procedures. 
o   Faster load relief measures considerably improve the 
probability of system recovery. 
o   Load relief measures are applied at the exact frequency 
set points. 
There are some basic inherent disadvantages if a load relief 
program is designed on the basis of the rate of change of 
frequency measurement alone: 
o   Excessive load relief than necessary - Since frequency 
decay is oscillatory in nature, the rate of change of 
frequency during these frequency oscillations could be 
quite high, indicating more serious loss of generation 
than actually occurred.  Therefore, a rate of change of 
frequency measuring device set to trip substantial load 
on high rates of decay, would trip more load than necessary. 
o   Time delay requirements - Due to the oscillatory nature 
o| the frequency decay and the momentary high rates of 
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decay that might occur, it is apparent that considerable 
time delay would have to be used with a rate of change 
of frequency measuring device, in order to obtain a 
reasonably accurate indication of the true rate of 
change. 
The time delay required would probably eliminate any 
benefits which could be derived from this characteristic, 
especially during severe overload condition. 
The advantages and disadvantages of rate of change of 
frequency measurement has shown that the rate of frequency 
change relays can be applied on the first step in a 
multistep load relief program, if accelerated load 
relief is required.  If the generation deficiency is 
large enough, the second or third steps of load relief 
can also be tripped provided they are supervised by 
other underfrequency devices. 
The following criteria should be fulfilled before rate of 
change of frequency measurement tripping is allowed: 
o   The rate of change of frequency must be greater than the 
setting. 
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o   The rate of change of frequency must remain greater for 
a minimum set time, since instantaneous measurement of 
rate of change of frequency could lead to misoperation. 
Relay engineers are always fascinated with the rate of change 
principle and are in constant search of designing and applying 
a device whose operation is based on the rate of change of 
frequency. 
Some manufacturers have developed relays, sensitive to rate 
of frequency change, which analyze frequency variations and 
relieve load when conditions require it. 
Commonly used underfrequency devices in the United States do 
not operate on the rate of change of frequency principle. 
Some utilities are trying to use these types of devices, but 
for security reasons and the improved power system performance, 
it is always a good practice to use rate of change of frequency 
measurement tripping for the load relief in combination with 
the underfrequency devices whose operations do not depend 
upon the rate of frequency change. 
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3.6 Current, Voltage and Inadvertent Power Flow Sensing 
Underfrequency measurement has become a standard practice due 
to its positive indication of capacity deficiency.  But there 
are some other noticeable characteristics associated with the 
low frequency, such as, higher than normal currents, low 
voltages at some buses, and inadvertent power flow which 
indicate the presence of system disturbances which might 
result in capacity deficiency and overload.  By sensing any 
one or a combination of these quantities, it seems that a 
measurement can be made to drop load in proportion to the 
capacity deficiency. 
The only problem with these measurements is that these character- 
istics can also be observed without capacity deficiency.  For 
example, at the distribution voltage level where load relief 
program is applied, higher currents, low voltages, and inadvertent 
power flow can be observed due to faults or overload.  Therefore, 
relays operating on these principles alone cannot be applied 
without the risk of unnecessary tripping. 
We can reasonably conclude that the underfrequency devices 
should be the main devices used in sensing the capacity 
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deficiency, but these should be supervised by either over- 
current, low voltage or inadvertent power flow sensing to 
increase the security against false tripping. 
Overcurrent supervision of underfrequency relays should be 
provided at distribution substations which are tapped off a 
single transmission line and which supply a significant 
amount of motor load.  If the transmission line trips due to 
faults, the decaying flux of the motors may keep the trans- 
mission line excited for several cycles with a voltage of 
decaying frequency, which is enough to operate underfrequency 
relays incorrectly.  In this case, overcurrent supervision 
will prevent this incorrect operation.  If overcurrent super- 
vision is not provided, underfrequency relay operation has to 
be delayed to override the decaying flux of motors which 
could be detrimental to the system during a legitimate under- 
frequency incident. 
Voltage supervision of underfrequency relays is inherently 
built into them.  Underfrequency relays are allowed to operate 
only if the voltage dips to a certain level.  If voltage 
falls below that, operation of underfrequency relays is 
blocked. 
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Inadvertent power flow supervision can be used on intercon- 
nection transmission tie lines which are operated with scheduled 
power flows. During a capacity deficiency, underfrequency 
relays can be supervised by inadvertent power flow relays to 
open the tie lines. 
3.7 System Separation 
Significant savings can be realized by interchanging energy 
between systems where an appreciable difference exists in 
cost of generation.  Joint installation of new, larger and 
more efficient generating units may make excess generation 
available in one area at a cost lower than in an adjacent 
area and the two areas can schedule bulk power transfers. 
Also, one system could assist other systems in times of need, 
increasing the, reliability of system operation and contributing 
to continuity of service to customers. 
To share these benefits, power systems are operated in parallel 
through transmission tie lines as part of an interconnection. 
In order to operate systems in parallel as an interconnection, 
precise control of frequency and generation is required. 
Without precise control of frequency and generation, undesired 
tie line power flow will result between the systems.  In 
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addition to this, the effects of troubles on a system will be 
felt by the other systems of the interconnection. 
When a power interconnection is operating at the rated frequency, 
with all member systems in parallel and tie lines carrying 
scheduled power, generation and load are matched.  In intercon- 
nected power systems, tie lines ordinarily help maintain 
operation at the rated frequency by importing or exporting 
power and, in most cases, interconnections serve to stabilize 
and limit frequency decay. 
In an interconnected power system, the possibility of system 
collapse with declining frequency can be minimized by opening 
the transmission tie lines at some predetermined frequency, 
automatically or manually, if power is being exported from the 
system. On the other hand, if power is being imported, 
opening tie lines would worsen the situation. 
Automatic tie line openings in times of trouble should usually 
be a last resort and instituted only if power is flowing out 
of the system with a continuing decline of frequency. 
If a system is importing power over the tie lines and a 
capacity deficiency occurs in the area, then tie lines may 
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open on overload or by relay actions isolating the area from 
rest of the interconnection. 
Isolation of a system or an area, whether it's importing or 
exporting power, is variously described as "system separation", 
"system splitting", "system breakup", or "formation of a 
power or an electrical island." 
The end result of system separation would be the sequential 
splitting of the system into as many power islands as possible. 
If a power importing area has been split into a power island 
with declining frequency and capacity deficiency, automatic 
load relief measures are required to stabilize the islanded 
system to rated 60 hertz operation. Once the island is 
stabilized at the rated frequency, reconnection with the 
interconnection is possible by reclosing the tie lines.  But, 
if load relief measures were not applied, total collapse of 
the island would be a sure thing. 
It is very difficult to design and implement a program to 
automatically interrupt the tie lines connecting neighboring 
systems with relays which recognize the declining frequency 
and power flows.  The following factors should be considered 
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before the automatic opening of tie lines is permitted: 
o   Maintaining the interconnection will allow supply of 
power to the deficient areas. 
o   The tic Lines should be opened prior to the initiation 
of load relief program. 
o   In the event of transient disturbances, the tie lines 
might open automatically due to relay actions. 
Thus, intentional, controlled system separation should be 
carefully applied, if applied at all, because it will be 
effective only for relatively long time disturbances.  In 
most of the frequency declining conditions, this long time is 
not available. 
3.8 Turbine Generator Protection 
A major concern in the operation of steam turbine generators 
is the possibility of damage due to prolonged operation at 
reduced frequency during a system overload condition. 
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The principal constraint on sustained underfrequency operation 
proves to be turbine blade resonances, consequent stresses, 
and limited operating life at off-rated frequencies.  The 
other concerns are, as the frequency decays outputs of the 
following plant auxiliaries decrease: 
o   boiler feedwater pumps 
o   forced and induced draft fans 
o   generator excitation systems 
The decrease in output further slows down the prime mover. 
There is no general consensus in the industry about what 
other plant components are affected by lower than the rated 
frequency. 
Various auxiliaries in a large power plant are essential to 
its uninterrupted operation.  The operation of these auxiliaries 
depends on the availability of power from the generators. 
Steam turbines and the power plant auxiliaries are designed 
to operate at their rated speed with some tolerances, depending 
upon the design and the manufacturer of the equipment.  It is 
very essential to determine the operating time limits in 
relation to the frequency of different turbines manufactured 
by different manufacturers. 
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Generating units can be protected by two schemes:  in one, 
the turbine-generator is allowed to trip, and in the second, 
the turbine-generator is isolated on its auxiliaries. 
Turbine-Generator Tripping - In this case, the turbine-generator 
and its auxiliaries all are tripped, shutting down the total 
plant.  This practice will save the unit from damage.  However, 
considerable time will be required to restart the unit.  The 
following factors should be considered before this practice 
is adopted: 
o   The power plant may need "black start" capability. 
o   Restoration time will be increased considerably. 
Turbine-Generator Isolation - In this case, the turbine- 
generator is isolated with its auxiliary load if the frequency 
falls below a predetermined point, beyond which damage to the 
unit will occur.  The turbine-generator isolation will keep 
units operating on their auxiliaries alone to avoid the need 
for complete restart. 
Tests should be made periodically to determine the ability of 
each unit in the system to remain in operation with only its 
auxiliary load. 
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Manufacturers, such as General Electric, Westinghouse, and 
Brown-Boveri have published [7][22] typical off-frequency 
operating data for their steam turbines. 
For a typical General Electric steam turbine: 
a reduction in frequency of one percent to 59.4 hertz 
would not have any effect on turbine blade life. 
a reduction in frequency of two percent to 58.8 hertz 
for about 90 minutes could result in damage. 
a reduction in frequency of three percent to 58.2 hertz 
for about 10 to 15 mintues could result in damage. 
a reduction in frequency of four percent to 57.6 hertz 
for a period of one minute could result in damage. 
These limits can be exceeded when a turbine is being started, 
shut down, or checked at overspeed.  However, since the 
turbine is not carrying any load during these operations, the 
expected limit will not be significantly affected if the 
operations are conducted according to the starting and testing 
instructions. 
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For a typical Westinghouse steam turbine: 
Continuous operation is allowed down to a frequency of 
59.5 hertz. 
operation between 58.5 to 59.5 hertz for about 60 seconds 
could result in damage. «- 
operation below 58.5 hertz for about 10 seconds could 
result in damage. 
operation below 56.0 hertz - unit should be tripped 
without delay. 
Turbine blade damage is not expected for any underfrequency 
operation from no load to five percent loading. 
For a typical Brown-Boveri steam turbine: 
continuous operation is allowed down to a frequency of 
58.3 hertz. 
operation between 58.3 hertz to 57.8 hertz for about 10 
minutes can exceed no more than 6 per year. 
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operation at: 57,0.hertz should not be allowed more than 
12 seconds before tripping. 
operation at or below 56.5 hertz should not be allowed 
and the unit should be tripped. 
The limits apply only under load since that is when the steam 
exciting forces are present. 
Because of the statistical nature of the turbine blade resonant 
frequencies, fatigue, strength of materials, and prior history, 
permissible off-frequency operation will vary from machine to 
machine.  Also, if the limits are somewhat exceeded, the 
results will not necessarily be catastrophic. 
It is important to note that the effects of off-frequency 
operation are cumulative, that is, the more time spent at 
each limiting frequency, the higher the possibility of 
fatigue failure on the next event. 
Although the off-frequency operation limits imposed by the 
manufacturers may be conservative in nature, it does not 
diminish the nature of the problem.  Underfrequency protec- 
tion should be provided at the appropriate underfrequency 
level. 
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Automatic underfrequency protection of steam turbine generating 
units at a level such as 57 hertz should be provided as a 
last line of defense for a quick start, realizing that all 
generating units may not have the same threshold of fatigue 
damage. 
If generating units are tripped off to their auxiliary loads 
and isolated from the rest of the system, then they will be 
available for quick system restoration.  This requires that 
the utility system must establish that their small and large 
units are capable of full load rejection with continued 
operation at their auxiliary loads [12][13]. 
The following factors must be considered when applying turbine 
protection to trip or isolate the generating unit: 
o   High investment in turbine generator units dictates that 
it must be protected from damage. 
o   Turbine-generator underfrequency protection must be the 
last step of the automatic underfrequency load relief 
program and the units should be tripped or isolated only 
when necessary. 
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o   If the frequency still keeps declining after the operation 
of a load relief program, it indicates that the system 
is experiencing a severe overload.  When the frequency 
eventually reaches the operating limit of the turbine 
unit, an unprotected turbine-generator unit might be 
damaged.  The damaged unit will not be available for 
restarting after a blackout. 
o   Also, if the frequency keeps declining, the plant 
auxiliaries might trip out and take the unit out of 
service with some possible damage. 
o   The underfrequency turbine-generator protection system 
should be in service only when the unit is carrying 
load. 
o   The underfrequency turbine protection system should be 
redundant and fail-safe.  Any single failure should not 
cause false tripping or a failure to operate the scheme. 
o   The underfrequency protection should isolate the generating 
unit before blade damage could occur during off-frequency 
operation. 
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3.9 System Restoration 
In principle, a program similar to the one for load relief 
can be used for service restoration after a load relief 
program has been successfully implemented.  The result will 
be stabilization of system frequency to rated 60 hertz.  The 
main objective of a restoration program should be: 
to keep the remaining system stabilized at the rated 60 
hertz. 
to allow synchronizing and reclosing of the transmission 
tie lines with other systems. 
to pick up the load in a sequence according to its 
priority. 
to minimize the cost of unsatisfied customer demand. 
Since the amount of load that can be restored depends upon 
the ability of the system to serve it, the load restoration 
program must therefore satisfy certain design criteria which 
will ensure that the load relief/ restoration program is 
compatible with the high standards of reliability and safety 
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required by the modern interconnected power systems. A 
design criteria similar to the following must be established 
before designing a load restoration program: 
o   Semi-automatic Restoration - The restoration program 
could be, in part, automatic and, in part, manual, so 
that the advantages of both the systems can be realized 
in one program. 
Complete restoration of load by manual means may require 
a considerable amount of time and manpower, whereas an 
automatic restoration program can cause uncontrollable 
system oscillations between load relief and restoration 
steps. 
o   Time Delay - The recovery of the system to rated 60 
hertz after a load relief measure is always quite slow, 
a period of several minutes or more.  This slow recovery 
is due to the fact that a definite amount of time is 
required to add or increase generation, or to close tie 
lines with other interconnections or within the system. 
The total time delay must be determined before the start 
of restoration program. 
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o   Restore in Small Steps - The load relief/restoration 
oscillations can be greatly minimized if the amount of 
load restored per step is considerably smaller than the 
load relief step. 
o   Time Delay Between Restoration Steps - Adequate time 
should be provided between load restoration steps to 
allow the system to stabilize before an additional block 
of load is picked up. 
o   Restoration Stages Should Follow Load Relief - The load 
relief stages which are designed to be first should be 
restored first in order to minimize transients in the 
event of any subsequent disturbance. 
o   Staggered Restoration Set Points - Restoration frequency 
set points should be staggered so that all the load is 
jiot connected at the same time. 
o   Reconnect Distributed Load - Reconnecting load on a 
systemwide distributed basis also minimizes impedance 
swings across the system and thereby minimizes the 
possibility of initiating a new disturbance. 
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Automatic Restoration of Load - The automatic restoration of 
load should be implemented only at sustained rated 60 hertz 
operation, after a time delay.  It seems that this is a sound 
and sensible plan, however, it should be recognized that 
automatic restoration may severely stress the system's 
generation and transmission capabilities. 
Automatic restoration could create a situation in which a 
restoration relay's frequency set point is such that the 
ensuing frequency drop due to the restoration transient 
encompasses the frequency set points of a load relief relay. 
The load relief relay may operate, dropping some load which 
will allow the frequency to rise, overshooting to a value 
that encompasses the restoration set point and the load is 
restored again.  The process then may continue to repeat 
itself, causing oscillations between load relief and restora- 
tion points until some manual actions are taken to override 
the automatic scheme.  The automatic scheme, therefore, 
should be designed to protect against such a contingency by 
incorporating design factors as outlined previously. 
In the automatic mode, load can be restored by frequency 
sensitive relays which can detect the state of the system and 
automatically restore load, after some time delay, if the 
rated 60 hertz state has been established. 
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Manual Restoration - Manual restoration should be applied to 
the load which has been manually disconnected or when automatic 
restoration has been taken over by manual control.  For 
manual restoration, system operators need to be provided with 
sufficient guidelines to re-energize the system and restore 
the parallel operation with the rest of the interconnection. 
The use of manual restoration requires substantial manpower 
and has the inherent disadvantage of a long time delay. In 
this mode, load is restored at the location. 
Another mode of manual restoration is through the use of 
supervisory or remote control from centrally located control 
centers.  This cuts down manpower requirements and some of 
the long time delays.  The disadvantage of this method is 
that it is expensive, unless the supervisory control can be 
justified for other reasons. 
The findings of this chapter can be summarized as follows: 
The exact behavior of a power system under fast changing 
conditions is difficult to predict or calculate. Therefore, 
in order to develop a load relief/restoration program, the 
system parameters and the frequency characteristics can be 
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determined by using a "trial and error" procedure and by 
making some simple assumptions. 
Automatic frequency sensing with the proper supervising 
quantity (current, voltage, power and rate of change of 
frequency) can disconnect required amount of overload quickly 
enough to restore load generation balance. 
A load relief restoration program can be selected without 
undertaking expensive system studies, and can provide needed 
protection against frequency excursions. 
The turbine-generators (due to their limited operation on 
off-frequency) should be isolated on their auxiliaries so 
that they can be protected against damage, and are available 
for system restoration. 
The restoration program should be designed as a semi-automatic 
program. 
After having selected a frequency actuated load relief/restor- 
ation program, the program has to be implemented, and the 
first step in the implementation is the selection of a suitable 
frequency sensing device. The next chapter deals with the 
frequency sensing devices and their characteristics. 
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CHAPTER 4 
SELECTION AND APPLICATION OF FREQUENCY SENSING DEVICES 
The key element in any load relief program is the device or the 
devices that detect the underfrequency condition.  Such devices 
provide high speed sensing of underfrequency conditions during 
system disturbances. 
Basically, there are two types of underfrequency devices which are 
commonly used in load relief/restoration schemes.  Since these 
devices perform control functions, they are referred to as relays. 
The first type of these devices is designed and built on the 
well-known "induction" principle; they may be of induction disc 
type, induction cylinder type, or induction cup type. 
The operating times of these devices depend on the rate of frequency 
decay; if the frequency decays rapidly, the relay response is quicker 
and vice-versa. 
These relays are very sensitive to changes in the applied ac 
potential supply such as is caused by voltage transients generated 
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by faults, by sudden removal, or by sudden application of voltages. 
Therefore, induction type relays are designed with a inherent 
fixed time delay to block their operation during voltage transients. 
The induction devices are commonly referred to as "electro-mechanical 
devices". 
The second type of these devices used is designed based on the 
latest solid state digital technology.  These devices are gaining 
wider acceptance over their electro-mechanical counterparts due 
to their superior characteristics.  The main differences compared 
with induction devices are: 
o These devices arc independent of rate of frequency decay. 
o These devices are insensitive to voltage transients. 
o These devices do not require a fixed time delay. 
o These devices are extremely fast and highly accurate. 
These devices are commonly referred to as "STATIC" or "SOLID 
STATE TYPE" devices. 
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Tables 3(a) & (b), pages 80 and 81, give a summary of the commer- 
cially available underfrequency devices manufactured or distributed 
in the United States and which are commonly applied in utility 
company relaying applications. 
4. 1 Characteristics of Electro-Mechanical devices 
Devices of this type are designed and built on the induction 
principle, and may be of induction disc (CF-1), induction 
cylinder (KF), or induction cup (CFF) type. 
The induction disc, cylinder, or cup in the induction type 
devices is subjected to two ac fluxes whose phase relationship 
changes with frequency to produce a contact closing torque 
when the frequency drops below the set point, and an opening 
torque when frequency increases above the set point. 
If the frequency decays rapidly, the torque will also increase 
rapidly and will cause the relay contacts to close in less 
time.  Thus, the operating time of induction type devices is 
a function of rate of frequency decay. 
Phase shifts in ac potential supplies resulting from fault 
inception, fault clearing, or sudden application or removal 
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MFGR. DEVICE TYPE DESIGNATION SPECIFICATIONS 
Electro- 
Mechanical 
CFF Induction cup type; setting range 
56-59.5 hertz; one set point 
u 
TJ s- 
0}  u 
c <D 
cur- 
es LU 
Solid 
State 
SFF Setting range 44-61 hertz; under- 
voltage cutoff 24/60-108V rms; 
accuracy ± 0.005 hertz; minimum 
operating time 4 CY; multiple set 
points with restoration; operating 
voltage range 24/60-120V rms 
Electro- 
Mechanical 
CF-1 Induction disc type; setting range 
50-60 hertz; one set point 
OJ 
m 
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KF Induction cylinder type; setting 
range 55-59.5 hertz; one set point 
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Solid 
State 
SDF Setting range 54-60 hertz; under- 
voltage cutoff 20-40V rms; accuracy 
± 0.007 hertz; minimum operating 
time 4 CY; one set point; operating 
voltage range 20/70-132V rms 
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Solid 
State 
SFR59 Setting range 52-60 hertz; under- 
voltage cutoff 35/60-70V rms; 
accuracy ± 0.02 hertz; multiple set 
points; minimum operating time 
1-3 CY; operating voltage range 
40-160V rms 
PFR59 Same as SFR59, relay obsolete now 
Ba
sl
er
 
El
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ic
 
Solid 
State 
BE-1-31 Setting range 55-60 hertz; under- 
voltage cutoff 40-120V rms; ' 
accuracy ± .025 hertz; one set 
point; minimum operating time 1-3 
CY; option of definite or inverse 
time delay 
Table 3(a) -Summary of Available Underfrequency Devices 
NOTE: CY is abbreviation for Cycle 
80 
MANUFACTURER DEVICE TYPE DESIGNATION SPECIFICATIONS 
s_ Solid ITE-81 Setting range 54-60 hertz-. 
> State undervoltage cutoff 60-120V 
o 
en rms; one set point; mini- 
i 
-o c: mum operating time 4-5 CY; 
i— 3 3 o operating voltage range 
O i- 
C3 ca 60-140V rms 
Solid FCX Setting range 39-65 hertz; 
State 103b undervoltage cutoff 24-72V 
*r— rms; accuracy ± 0.03 hertz, 
cu minimum operating time 
> 
o about 10 CY; up to 4 set 
CO 
1 points - 2 of can be on 
2 rate of change of fre- 
o o 
CO s- quency; operating voltage 
CQ CO 
range 24/72 - 144V rms 
Solid RXFE4 Setting range 53-60 hertz; 
State accuracy ± 0.02 hertz; 
minimum operating time 
about 9 CY; one set point; 
operating voltage range 
»—« 84-144V rms 
TFF60 Setting range and operat- 
<t ing^ same as RXFE4; accuracy 
± 0.1)1 hertz; up to 7 set 
points; operating voltage 
range 66-152V rms 
Electro- FMG Setting range 55-58 hertz, 
f- Mechanical accuracy ± 0.25 hertz; 
i/i Resonant relay specially designed 
r- <_) Frequency for generator protection 
c s_ 
LU -t-> 
Type 
aj aj 
J= i— 
H- LU Solid FTG Setting range 56.5-61 
State hertz; accuracy ± 0.01 
hertz; operating time 
approximately 19 CY 
Table 3(b) - Summary of Available Underfrequency Devices 
NOTE: CY is abbreviation for Cycle 
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of potential, may appear to induction type relays as sudden 
frequency changes.  This may result in incorrect contact 
closing torque.  Thus, an intentional time delay must be 
added to the induction type relays to increase the operating 
time before tripping is allowed. 
The relays built on the induction principle actually produce 
contact closing torque somewhat below the frequency set point 
due to their dependency on the system frequency decay. 
Characteristics of CF-1 Relays - The CF-1 relay is an induction 
disc type relay.  The torque on the induction disc is produced 
by the interaction of two fluxes induced by the two potential 
coils wired on the two poles of an electromagnet.  One coil 
has a capacitor in series and the other coil has an adjustable 
resistor in series which is used to set the desired frequency 
trip point. 
At rated 60 hertz frequency, the adjustable resistor coil 
current leads the current in the other coil.  The two fluxes 
thus produced apply contact opening torque on the induction 
disc. 
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When the frequency drops, the adjustable resistor coil current 
lags the current in the other coil.  The two fluxes thus 
produced apply contact closing torque on the induction disc. 
The larger the frequency decay the greater the phase angle 
displacement between the two fluxes.  This causes faster 
relay operation. 
The CF-1 relay has an inverse type underfrequency charac- 
teristic with several time dial settings to adjust for 
initial contact separation which determines its operating 
time for a given frequency set point. 
The frequency setting accuracy is within 0.1 to 0.2 hertz, 
depending upon temperature variations and applied ac potential 
fluctuations. 
Characteristics of KF Relays - The torque in the KF relay is 
produced by the interaction of two fluxes similar to a split 
phase induction motor. The typical operating characteristic 
curve of the KF relay for 6 cycles auxiliary time delay 
setting is shown in Figure 9, page 84. 
The contacts of KF relays have a fixed initial separation, 
and close in approximately 5 to 6 cycles after an incidence 
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of underfrequency.  Added to this time is an intentional 6 to 
30 cycles adjustable time delay to override the voltage 
transients. 
The operation of the cylinder unit is similar to the rotor of 
a single phase induction motor.  Two coils are wound over an 
electromagnet acting similar to the stator winding of an 
induction motor.  Phase displacement between the two fluxes 
produced by the two coils, is provided by the capacitive and 
inductive elements wired in series with the coils.  The 
frequency set point is obtained by adjusting the frequency- 
adjusting-reactor wired in series with one of the coils. 
Initially at rated 60 hertz, contact opening type torque is 
produced, and when the frequency drops, contact closing 
torque is produced by the phase angle shift between the two 
fluxes. 
The response of KF relay is faster than the CF-1 or CFF 
relays for the same frequency set point.  The frequency 
setting accuracy is approximately ±0.1 hertz, depending upon 
the voltage and the temperature variations. 
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Characteristics of CFF Relays - The principle by which torque 
is developed in the CFF relay is same as in the induction 
disc or the induction cylinder type.  The relay is constructed 
similar to a split phase induction motor and has the inverse 
type time-frequency characteristics as shown in Figure 9, 
page 84. 
Being similar to a KF relay, a CFF relay is also designed 
with a fixed contact gap and adjustable time delay to override 
the voltage transients.  Some models are available without a 
fixed time delay.  The operation of the induction cup unit is 
similar to the induction cylinder unit in the KF relay. 
Under normal conditions of rated 60 hertz frequency, the 
phase displacement between the fluxes and their magnet produce 
contact opening torque. 
As the frequency drops, a phase displacement opposite to the 
contact opening appears providing contact closing torque. 
The frequency setting accuracy is approximately ±0.25 hertz, 
depending upon the ac input voltage variations and the tempera- 
ture changes.  The operating point of the CFF relay is affected 
by the rate of frequency decay and reduction in control 
circuit voltage. 
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The response of CFF relay is slower than the KF type relay 
but faster than the CF-1 type relay for the same frequency 
set point. 
4.2 Characteristics of Solid State Devices 
For many years, electromechanical devices have provided 
excellent service but the increased demands for accuracy and 
speed have exceeded the practical limits of electromechanical 
devices.  To meet new system requirements, relays using solid 
state components and new techniques for accurately measuring 
frequency have been developed.  The solid state devices are 
examples of this new generation of underfrequency relays. 
The solid state underfrequency relays employ digital counting 
techniques to measure system frequency precisely, and are 
independent of the frequency decay rate. 
The solid state relays consist of highly stable, crystal 
controlled oscillators or clocks which continuously supply 
0.1, 2 or 4 MHz pulses, depending upon the type of relay, to 
binary counters.  The oscillator or clock provides the known 
time reference to measure the period of each cycle of system 
frequency.  The measurement is based on the fact that the 
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time period of a cycle is the inverse of its frequency.  If 
"t" is the time period and "f" is the frequency then, 
< - -f 
Therefore, the time period of a cycle at reduced frequency 
will be longer than that for a cycle at rated system frequency. 
Conversely, the time period of a cycle at overfrequency will 
be shorter than that for a cycle at rated system frequency. 
From the frequency set point of view, if the number of pulses 
is greater than the known clock reference pulses then it 
indicates that the system frequency is less than the setting. 
The reverse is true for the overfrequency condition.  Time 
periods for the over and underfrequency conditions are shown 
in Figure 10, Page 89. 
The counters, together with other logic circuits, determine 
system frequencies by counting the number of pulses which 
occur during a full cycle of power system voltage in comparison 
with the known time period.  For any preset frequency set 
point, a specific number of pulses should occur during a ono 
cycle period. 
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Figure 10 - Time Periods for Over and Underfrequency 
Conditions - Solid State Relays 
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For security reasons, an underfrequency indication must occur 
fo^ some minimum number of cycles, usually three, before the 
relays produce an output.  The first recovery cycle resets 
the relays.  Intentional adjustable time delay trip outputs 
are also provided on most of the relays, and vary anywhere 
from one cycle to few seconds. 
The solid state relays are extremely fast, accurate and 
stable devices, and are insensitive to phase shifts in ac 
potential supply caused by faults or sudden removal and 
sudden application of voltages. 
Operating Characteristics of Solid State Relays - The 
operating characteristics of all of the solid state relays 
are outlined in Table 3(b), page 81, are such that an under- 
frequency condition must persist continuously for a period of 
one to several cycles, depending upon the setting, to produce 
an output.  Added to this time is the auxiliary relay pickup 
time of one cycle to produce a trip output.  The solid state 
relays therefore can produce trip output in a minimum time of 
4 to 10 cycles to a maximum time of several seconds, depending 
upon the setting and the type of the relay. 
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The basic measurement in the solid state relays is based on 
the technique of measuring the period of the applied ac 
voltage waveform.  The time between positive going, zero 
crossing, points of ac voltage waveform is measured to define 
the period of the waveform and a precise comparison is made 
with a known time period of a quartz crystal oscillator.  The 
relays reset, if frequency goes above the underfrequency set 
point of the relay for one cycle or more during the period 
the relays are timing out.  If the underfrequency condition 
recurs then the relay must go through the entire time sequence 
once again. 
The solid state relays are largely insensitive to harmonics 
and the transients in the system; they measure only the 
positive going, zero crossings of the system voltage and not 
its magnitude.  The relays are independent of voltage fluctua- 
tions and operate within a wide range of applied ac voltages. 
However, the relays are designed with under voltage inhibit 
features to block all outputs in case the system voltage 
drops to a level where accurate measurement can no longer be 
made. 
The solid state relays are available with one or more inde- 
pendently operated frequency set points with wide frequency 
settings and operating temperature range. 
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The solid state relays require an auxiliary dc power supply 
source to operate the solid state circuits.  More and more 
relays are available with dual operating features of dc 
derived from the sensing ac source or a separate dc source. 
If the dc power supply is derived from the ac sensing source, 
an additional burden is created on the auxiliary potential 
transformer supplying the sensing voltage to the relay. 
Due to the increased demand on the potential transformer, the 
undervoltage supervision setting has to be increased, limiting 
the operating voltage range. 
The use of a separate dc power supply source will reduce the 
potential transformer burden with no adverse effect on the 
operating voltage range. 
A.3 Application and Selection of Underfrequency Devices 
Underfrequency devices are used on applications where the 
load must be disconnected or a generator must be isolated 
at a predetermined frequency set point to arrest declining 
system frequency.  A declining system frequency is a reliable 
indicator of overload condition.  Generally the underfrequency 
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relays can be applied: 
for the implementation of load relief programs to balance 
load and generation. 
for the protection of generators and its auxiliaries. 
for forced electrical islanding by opening the trans- 
mission tie lines. 
for the restoration of load upon the recovery of the 
system frequency to rated normal. 
The implementation of load relief/restoration schemes can be 
accomplished only by proper application and selection of 
underfrequency devices. 
Selection of underfrequency devices for a given system's load 
relief/restoration scheme should be based on a combination of 
the following factors: 
o   Dependability - Correct operation when required 
o   Security - Avoid misoperation 
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o   Speed - Operation in shortest possible time with no 
intentional time delay 
o   Accuracy - Precise and dependable operation 
o   Intentional Time Delay - Fixed or variable time delay 
operation to override transients 
o   Automatic Restoration - Output desired at rated frequency, 
upon recovery 
o   Multiple Set Points - Multiple frequency set points 
desired in one relay 
o   Fixed set point response or rate of frequency change 
response required 
o   Operation on separate dc power supply or dc power supply 
off the sensing ac voltage 
o   Operating ac voltage range requirements 
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o   AC undervoltage cutoff range requirements 
o   Operating temperature range requirements 
o   Simplicity - operation with simple design, fewer elements 
to malfunction 
o   Economics - minimum cost with maximum effectiveness. 
All these factors can not be used simultaneously and are not 
desirable at the same time in selecting a particular under- 
frequency device for a given load relief/restoration scheme. 
Based on the system requirements and comparative risks, 
priority must be assigned to the items listed above.  Once 
the system requirement is established, the selection of a 
suitable device is not extremely difficult. 
The findings of this chapter can be summarized as follows: 
o   There are two types of underfrequency devices available - 
electromechanical and solid state.  The solid state 
devices are faster and more accurate than the electro- 
mechanical.  The solid state devices are independent of 
rate-of-change-of-frequency and the magnitude of the 
sensing voltage. 
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o   The underfrequency devices should be primarily selected 
based on the requirements of reliability, speed, and the 
accuracy of operation. 
Once an underfrequency relay is selected, the second most 
important step in the implementation of load relief program 
is to select and coordinate relay settings.  The next chapter 
outlines the philosophy which should be used in the setting 
and coordination of underfrequency relays. 
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CHAPTER 5 
DETERMINATION OF UNDERFREQUENCY RELAY SETTINGS AND COORDINATION 
The first essential step in the implementation of a load relief 
program is the selection of an appropriate underfrequency relay. 
The second important step is to select the relay setting and check 
its coordination with the multi-steps of the load relief program. 
A question which comes to the minds of the most people is, "will 
the relay or the relay system perform as expected during an under- 
frequency excursion?" 
The answer to this question lies in the proper calibration (appli- 
cation of required underfrequency setting) and coordination of 
underfrequency relays or the relay systems. 
The underfrequency relay setting should meet system requirements 
to activate the load relief program as soon as the frequency drops 
at or below the underfrequency relay set point and not to initiate 
tripping for large load flows or for stable system swings. 
Underfrequency relays should disconnect only those load blocks 
that are necessary to stop the frequency decay before the system 
frequency drops to the minimum permissible limit. 
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The settings of underfrequency relays should be determined similar 
to any other group of protective relays. Coordination between the 
successive relays of a multi-step program should be established by 
means of time delay or frequency set point spread. 
Due to the variations in the operating characteristics and other 
intermediate steps, such as the auxiliary relay and the circuit 
breakers, the frequency at which the load disconnection occurs is 
somewhat lower than the set point.  The overall operating time of 
successive steps of a multi-step load relief program will depend 
on the following: 
o  Rate of change of frequency - Electromechanical relay 
operating time is affected by this rate.  Solid state relays 
are independent of rate of change of frequency. 
o  Calibration drift - Electromechanical relays are sensitive to 
temperature variations; with age, this affects their settings. 
Most of the solid state relays are independent of temperature 
variations. 
o  Fixed or adjustable minimum time delay - This time should be 
added to prevent unnecessary load relief during the frequency 
oscillations which can occur on the load buses. 
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In most cases, a time delay of 0.05 seconds (3 cycles) to 0.2 
seconds (12 cycles) should be sufficient. 
o  Additional time delay - This additional time delay should be 
added when load is tapped off a transmission circuit.  When 
this transmission circuit trips due to a fault, the gradual 
decay in voltage and frequency due to the backfeed of motors 
associated with the load could cause underfrequency relay 
operation.  Therefore, addition of this time delay should be 
considered in the general load relief program unless current 
supervision of underfrequency relays is used. 
The range of this time delay could be anywhere from 0.3 
seconds (18 cycles) to 0.5 seconds (30 cycles). 
o  Operating time of the auxiliary tripping relay - This time 
should be added if underfrequency relays trip an auxiliary 
trip relay, which in turn trips the circuit breaker.  This 
time is approximately 0.017 seconds (1 cycle) to 0.033 
seconds (2 cycles). 
o  Breaker operating time - Breaker operating or tripping time 
should be added.  This time is approximately 0.083 seconds (5 
cycles) to 0.1 seconds (6 cycles). 
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5.1 Underfrequency Relay Settings 
The determination of underfrequency relay settings for a 
given load relief program is essentially a trial and error 
procedure.  The objective should be to determine the best 
settings for the given combination of number and size of load 
relief steps and corresponding relay coordination which will 
disconnect the required load within the maximum and minimum 
frequency limits specified for the maximum selected overload. 
Coordination between the relays of successive steps is 
established by adjusting the total operating time so that the 
actuation to disconnect the second step load does not take 
place until after the first step has been completed. 
It is easier to establish coordination using solid state 
underfrequency relays than by using electromechanical relays, 
since the operating time of electromechanical relays is 
affected by the rate of frequency change. 
When several load relief steps are involved, the rate of 
change of frequency will change as each step is being activated. 
The operating time for the electromechanical relays should be 
calculated by calculating the rate of change of frequency 
exactly in each step.  Unless the exact rate of change is cal- 
culated as closely as possible, the results may be misleading. 
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The following procedure should be used in establishing the 
relay settings and coordination between the successive relay 
settings of a multi-step underfrequency load relief program: 
Step 1 
a. Select the first step relay set point just below the 
rated operating frequency above which system can be 
operated without undue effect. Calculate the initial 
rate of change of frequency based on the initial overload. 
b. By using relay operating characteristic curves, calculate 
the actual relay operating frequency and the total 
operating time at which load disconnection will occur by 
the first step relays for the selected overload. 
Step 2 
a.  Set the second step relays just above or below the 
actual relay operating frequency of the first step, 
allowing a margin that will allow for some tolerance of 
the frequency drift for both the electromechanical and 
solid state relays.  Calculate the rate of change of 
frequency at this overload. 
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b.  Calculate the actual relay operating frequency and the 
total operating time at which the second step load 
disconnection will occur. 
Step 3 
a. Set the third step relays just above or below the second 
step actual relay operating frequency, again allowing a 
margin for the relay drift.  Again calculate the rate of 
change of frequency at this overload. 
b. Calculate the actual relay operating frequency and the 
total operating time at which the third step load discon- 
nection will occur. 
If there are more steps, repeat the calculations until settings 
are obtained and coordinated for all the steps.  Determine 
the system's minimum frequency value before the final load 
block is disconnected for the selected amount of overload 
protection. This value should not exceed the turbine- 
generator protection underfrequency set point reach.  If 
exceeded, the turbine-generator protection underfrequency 
relay may be activated, unnecessarily tripping or isolating 
the unit. 
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If the calculated relay operating frequency point of the next 
step is reached before the trip frequency point of the previous 
step, the following steps should be considered in establishing 
coordination, and settings should be checked again for 
coordination: 
o   Reduce intentional time delay. 
o   Use solid state type underfrequency relays. 
o   Use faster electromechanical type relays. 
o   Reduce the number of steps and increase the size of each 
step for the same amount of overload protection. 
o   If possible, use higher frequency setting for the first 
step. 
o   If possible, increase time delay on the turbine-generator 
protection underfrequency relays. 
The solid state relays, due to their accuracy and faster 
response, inherently coordinate better than the electro- 
mechanical relays. 
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The actual trip frequency of the last step of the under- 
frequency load relief relay program should be checked with 
the turbine-generator protection program.  This coordination 
check is essential to see that the turbine-generator protec- 
tion underfrequency relays will not operate for the overloads 
within the load relief program. 
If proper coordination is not provided between the under- 
frequency load relief program and the turbine-generator 
tripping or isolation, generation may be down at a very 
critical moment with possible disastrous results to the 
system, such as system shutdown. 
A three step load relief program with 10 percent load blocks 
is selected, for illustration purpose, to check its relay 
setting and coordination (any amount of overload and number 
of steps can be used).  The time-frequency coordination 
characteristics for two underfrequency relays, electro- 
mechanical type KF, and a typical solid state type are shown 
in Figures 11 and 12, pages 105, and 106. 
5.2 Underfrequency Relay Coordination 
The procedure for checking the relay settings and their 
coordination is (first, by using a KF relay and second, 
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by using a typical solid state relay) as follows: 
ASSUMPTIONS: 
System rated frequency, f = 60 hertz 
Rate of change of frequency        = df/dt hertz/second 
Initial overload, TO = 0.3 per unit 
Initial generator torque, TO = 1.0 per unit 
Initial load torque, TO = 1.3 per unit 
System Inertia constant, H = 4 
Load reduction factor, d = 2 
t = time in seconds 
Total load reduction factor        = d„ 
First step frequency set point, RSI  = 59.3 hertz, drop 10% load 
Second step frequency set point, RS2 = 58.9 hertz, drop 10% load 
Third step frequency set point, RS3 = 58.5 hertz, drop 10% load 
Applicable equations from Appendix A, pages 179 & 180 are: 
dT0 " GT0 + LT0 (d"U (3) 
*M- ._   ^{£j 'TO _- JT0 _L_f_J       (4) 2H 
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-  TO   -, 
60 NT0 2H 
d 1  - - e TO * 
Af 
dTO = GTO + LTO (d_1) = 2-3 
• (6) 
a.  Check Coordination by Using a "KF" relay 
The KF relay operation depends on df/dt; -rr at 59.3 hertz 
d    [AM "TO -  UT0    Lf J pe 
dt L fJ ~ 2H 
Af      = -  0.7 
d     fAfl - 0.3  - 2.3 1     60J 
dt   1   f J- 2x4 
'second 
df 
dt 
0.034 
0.034 x 60 = -2.049 hertz/second 
Step 1 
(1) The KF relay (6 cycles time delay) contact will close at 
0.6 hertz below the 59.3 hertz, -r- = -2.049 hertz/second. 
(2) The KF relay operating frequency = 59.3 - 0.6 = 58.7 hertz 
(shown as "R01" in Figure 11, page 105). 
(3) j£  at 58.7 hertz = - 1.88 hertz/second 
(4)  Auxiliary relay (0.017 second) plus breaker trip time 
(0.083 second) equals 0.1 second. 
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(5) At a - 1.88 hertz/second decay, the frequency drop in 
0.1 second equals 0.188 hertz. 
(6) The frequency at which first step load is disconnected 
(Tl) equals 58.7 - 0.188 = 58.5 hertz. 
(7) Time required for the system frequency to reach to 58.5 
hertz just before the load relief is: 
60 NT0 
dT0 
1  - c
      J 
-   1.5 hertz 
r          2-3   ti 60 x   (- 
2.3 
3.3) 2x4    c 1   -  e 
Af = 
Af = 
- 1.5 = 
t = 0.74 seconds 
(8)  Plot point Tl = 58.5 hertz at 0.74 seconds in Figure 
11, page 105, the first 10 percent load is disconnected 
at this point.  The slope of the curve changes. 
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Step 2 
Calculate the new load torque, the generator torque, the net 
accelerating torque, and the total load reduction factor. 
The load torque 
change in frequency = 60 - 58.5 =1.5 hertz 
Af = - 1.5 hertz 
Load torque just before the load relief is: 
4l = LT0 (1 + <d-D %  1 
= 1.3 [1 + (2-1) ^l^1] 
= 1.267 per unit 
The equivalent load relief at 58.5 hertz is not 10 percent 
but some lower value due to the load damping, and is 
calculated as follows: 
LTIO  =  o.i (i + (2-i) ("^5); 
= 0.097 per unit 
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The load torque after the first 10 percent load disconnect is: 
L   = L1  - L1 Tl     Tl   T10 
=  1.267 - 0.097 
=  1.17 per unit 
The generator torque 
The generator torque after the first 10 percent load disconnect is: 
GT1 = GT0 [1    f~ ' 
=  1 [1 - (-1-5)] 111 60 J 
=  1.025 per unit 
The net accelerating torque 
The net accelerating torque after the first 10 percent load 
disconnect is: 
NT1 = GT1 " LT1 
=  1.025 - 1.17 
= - 0.145 per unit 
The load reduction factor 
The load reduction factor after the first 10 percent load 
disconnect is: 
dTl = GT1 + LT1 (d_1) 
= 2.195 
^ at 58.9 hertz,  Af = -1.1 
f(-l-l)i 
d TAfl   -0.3 - 2.3l  60  J     ._,     , dtH =  2-V^  per unit/second 
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df 
dt 1.93 hertz/second 
(1) The KF relay (6 cycles time delay) contact will close at 
0.59 hertz below 58.9 hertz, -rr  = -1.93 hertz/second. 
(2) The KF relay operating frequency = 58.9 - 0.59 = 58.31 
hertz (shown as "R02" in Figure 11, Page 105) 
(3) || at 58.31 hertz = -0.80 hertz/second 
(A) Auxiliary relay (0.017 seconds) plus breaker trip time 
(0.083 seconds) equals 0.1 second. 
(5) At a - 0.80 hertz/second decay, frequency drop in 0.1 
second equals 0.08 hertz. 
(6) Frequency at which second step load is disconnected (T2) 
equals 58.31 - 0.08 = 58.23 hertz. 
(7) Time required for the system frequency to reach 58.23 
hertz after the first step load is disconnected at 58.5 
hertz is: 
M    =    -0.27 hertz 
Af = 60 
NT1 
dTl 
1 - e 2H
L 
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-0.27 = 60 x (-0.145) 2.195 [ -2.195 2x4 
t = 0.26 seconds 
(8)  Plot the point T2 = 58.23 hertz at 0.26 seconds after Tl 
in Figure 11, Page 105.  The second 10 percent load is 
disconnected at this point.  The slope of the curve 
changes, again. 
Step 3 
Calculate the new load torque, the generator torque, the net 
accelerating torque, and the load reduction factor. 
The load torque - 
change in frequency = 58.5 - 58.3 = 0.27 hertz 
Af = - 0.27 
LT2 = LTI [i + (d-D £=|p: 
=  1.17 [1 + (2-1) iz^1} 
1.165 per unit 
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The equivalent load relief at 58.23 hertz is not 10 percent 
but some lower value due to the load damping and is: 
LT20 = LT10 t1 + ^^l 
= 0.097 [1 + (2-1) ("'^7)) 
ou 
= 0.0966 per unit 
The load torque after the second 10 percent load disconnect is: 
LT2 = 1.165 - 0.0966 
= 1.0684 per unit 
The generator torque 
The generator torque after the second 10 percent load disconnect 
is: 
GT2 = GT1 [1 " "60"1 
= 1.025 [1 - ^§^1 
= 1.029 per unit 
The net accelerating torque 
The net accelerating torque after the second 10 percent load 
disconnect is: 
TO    ~™    ***p e\ *P O 
= 1.0294 - 1.0684 
= -0.039 per unit 
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The load reduction factor 
The load reduction factor after the second 10 percent load 
disconnect is: 
rfT2 = GT2 + LT2 ^d-1) 
= 1.029 + 1.0684 (2-1) 
= 2.097 
^  at 58.5 hertz? dt 
System frequency just before the first step load drop = 58.5 hertz 
System frequency just after the first step load drop = 58.5 hertz 
Af = 0 
VI 
net torque, Tl = 0.145 per unit 
d (Ml       2<L 
dtl fj~ 
(^) 145 - 2.195  l60;
2x4 
-7- at 58.5 hertz = 1.1 hertz/second - 
after the first step load relief 
(1) The KF relay (20 cycles time delay) contact will close at 
0.6 hertz below the 58.50 hertz, -r- = 1.1 hertz/second. 
(2) KF relay operating frequency = 58.50 - 0.6 = 57.90 hertz 
(shown as "R03" in Figure 11, Page 105) 
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(3) ^| at 57.90 hertz = -.21 hertz/second 
(4) Auxiliary relay (0.017 seconds) plus breaker trip time 
(0.083 seconds) equals 0.1 second. 
(5) At a - 0.21 hertz/second decay, frequency drop in 0.1 
second equals .021 hertz 
(6) Frequency at which the third step load is disconnected 
(T3) equals 57.9 - .021 = 57.88 hertz 
(7) Time required for the system frequency to reach to 57.88 
hertz after the second step load is disconnected at 58.23 
hertz: 
Af = -0.35 hertz 
Af = 
-0.35 = 
N 
60 T2 
T2tn 
1 - e 2H 
T2 
60 x (-0.039) 
2.097 1 - e 
2.097 n 
"2 x 4C 
t = 1.4 seconds 
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(8)  Plot the point T3 = 57.88 hertz at 1.4 seconds after the T2 in 
Figure 11, Page 105.  The third and the last 10 percent load is 
disconnected at this level. 
At this point the generator torque exceeds the load torque 
indicating recovery of the system. 
Calculate the new load torque, the generator torque, the 
net accelerating torque, and the load reduction factor. 
The load torque just before the third step load relief is: 
LT3 =LT2 [1 + (d"1)o^1 
The equivalent load relief is: 
LT30 =LT20  <1 + W"1) S51    \   ' 
Change in frequency = 58.23 - 57.88 = .35 hertz 
Af = -0.35 hertz 
L}3  =  1.0684 [1 + (2-1) ^j^1} 
=     1.062 per unit 
430    = .0966  [1 +  (2-1)   <^f§>] 
= .096 per unit 
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The load torque after the third 10 percent load disconnect is: 
L.     L1    L1 
^3 =  T3 - T30 
= 1.062 - .096 
= 0.966 per unit 
The generator torque after the third 10 percent load 
disconnect is: 
GT3 = GT2 [1 - ||] 
=  1.029 [1 - ("'^)] 
= 1.035 per unit 
The net accelerating torque after the third 10 percent load 
disconnect is: 
NT3 = GT3 - LT3 
= 1.035 - 0.966 
= + .069 per unit and increasing 
The load reduction factor after the third 10 percent load 
disconnect is: 
dT3 = GT3 + LT3 (d_1) 
= 1.035 + .966 (2-1) 
= 2.0 
In order to verify that the system frequency is recovering, find 
frequency at t = 3 seconds after the third step of the load relief 
program is completed, as follows: 
Af = 60 x .069 1 - e 2x4 
x 3 
= +1.1 hertz 
118 
and the system frequency recovers to 57.88 + 1.1 hertz = 58.98 
hertz and is increasing. 
The results are summarized in Table A, page 120. 
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Step 
No. 1 2 3 
Time delay 6 cycles 6 cycles 20 cycles 
Auxiliary relay 6 cycles 6 cycles 6 cycles 
plus breaker time 
Total time 12 cycles 12 cycles 26 cycles 
delay (.2 second) (.2 second) (.43 
seconds) 
Relay set 59.3 hertz 58.9 hertz 58.5 hertz 
point (RSI) (RS2) (RS3) 
df/dt at set -2.049 -1.93 
-1-1 
point hertz/second hertz/second hertz/second 
Relay output 58.7 hertz 58.37 hertz 57.9 hertz 
occurred at (ROD (R02) (R03) 
Load disconnected 58.5 hertz 58.23 hertz 57.88 hertz 
at (Tl) (T2) (T3) 
Total time 0.74 1.0 2.4 
(from 60 hertz) seconds seconds seconds 
at load 
disconnect 
Table 4 - KF Relay Setting Coordination Data 
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The KF relay operates faster at the higher rate of change and 
slower at the lower rate of change.  The following coordination 
check should be done: 
o  The operating point of the second step relay should be lower 
than the tripping point of the first load step. 
The tripping point of the first load step,   Tl = 58.5 hertz 
The operating point of the second step relay, R02=58.37 hertz 
frequency margin = 0.13 hertz 
time margin = 0.18 second 
Coordination between Tl and R02 is acceptable. 
o  The operating point of the third step relay should be lower 
than the tripping point of the second load step. 
The tripping point of the second load step,  T2 = 58.23 hertz 
The operating point of the third step relay, R03= 57.90 hertz 
frequency margin = 0.33 hertz 
time margin =. 1.27 second 
Coordination between the T2 and R03 is acceptable. 
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o  The operating point of the turbine-generator trip relay 
should be lower than the tripping point of the third step 
load. 
The tripping point of the third load step, T3 = 57.88 hertz. 
The operating point of the turbine-generator trip relay = 
57.5 hertz + time delay. 
frequency margin =0.38 hertz + time delay 
Coordination between T3 and the turbine-generator protection 
is acceptable. 
b.  Check Coordination by Using a Typical Solid State Relay 
When solid state relays are used, coordination between the 
different steps is easier.  Since these relays have a definite 
time characteristic, which is independent of the rate of 
change of frequency, the relays operate with precise time. 
Using the same example as the KF relay, the results are 
calculated the same way as the KF relay and are summarized in 
Table 5, page 123, and plotted in Figure 12, page 106. 
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No. 1 2 3 
Time delay 6 cycles 6 cycles 20 cycles 
Auxiliary 6 cycles 6 cycles 6 cycles 
relay plus 
breaker time 
Total time 12 cycles 12 cycles 26 cycles 
delay (.2 second) (.2 second) (.43 
second) 
Relay set 59.3 hertz 58.9 hertz 58.5 hertz 
point (RSI) (RS2) (RS3) 
df/dt at -2.049 -1.93 -1.4 
set point hertz/second hertz/second hertz/ 
second 
Relay output 59.1 hertz 58.7 hertz 58.03 hertz 
occurred at (R01) (R02) (R03) 
Load 58.9 hertz 58.5 hertz 57.9 hertz 
disconnected at (Tl) (T2) (T3) 
Total time 0.53 0.83 2.37 
(from 60 hertz) seconds seconds seconds 
at load disconnect 
Table 5 - Typical Solid State Relay Setting Coordination Data 
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The following coordination check should be performed. 
o  The tripping point of the first load step,     Tl=58.9 hertz 
The operating point of the second step relay, R02 = 58.7 hertz 
frequency margin = 0.2 hertz 
time margin     =0.15 second 
The coordination between Tl and R02 is acceptable. 
o  The tripping point of the second load step,   T2 = 58.5 hertz 
The operating point of the third step relay, R03 = 58.03 hertz 
frequency margin = 0.47 hertz 
time margin = 1.1 second 
The coordination between T2 and R03 is acceptable. 
o  The tripping point of the third load step,    T3 = 57.9 hertz 
The operating point of the turbine generator relay = 57.5 hertz 
+ time delay. 
The operating point of the frequency margin = 0.4 hertz + 
time delay. 
The coordination between T3 and the turbine-generator protection 
is acceptable. 
124 
The type of relays used will affect the frequency settings for 
which coordination is desired.  The solid state relays achieve 
better coordination because their operating characteristics are 
independent of the rate of change of frequency. 
There is a certain amount of uncertainty in the operation of 
electromechanical relays due the unpredictable nature of the rate 
of change of frequency, voltage and temperature variations. 
A mix of solid state and electromechanical underfrequency relays 
can also be used with proper coordination. 
The findings of chapter 5 can be summarized as follows: 
The underfrequency devices should disconnect only those load 
blocks that are necessary to stop the frequency decay. 
The relay setting should be selected in such a way that the relay 
actuation to disconnect the next load step does not take place 
until after the first step has been completed. 
The coordination between the successive relays of a multistep 
program should be established by means of time delay or frequency 
set point spread. 
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If coordination cannot be established between the successive steps 
of a load relief program, new settings should be selected and they 
should again be checked for coordination. The procedure should be 
repeated until optimum settings are obtained. 
The third and the last step in the implementation of a load relief/ 
restoration program is the designing of actual control schemes. 
In the next chapter, several new schemes are proposed and their 
effectiveness are compared. 
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CHAPTER 6 
DESIGNING OF LOAD RELIEF/RESTORATION SCHEMES- 
NEW APPROACHES AND TECHNIQUES 
In the implementation of a load relief/restoration program, the 
last step is the designing of the actual control circuit schemes. 
The possibility of false tripping (or not tripping when required) 
of the underfrequency relays can be minimized by installing 
control schemes based on the good design practices. 
There are many possible conventional arrangements of underfrequency 
relays and associated auxiliary relays which can be considered in 
designing an automatic load relief scheme.  But, due to the 
importance of load relief schemes in the modern interconnected 
power systems, new approaches and techniques should be constantly 
explored.  Such an attempt is being made in this chapter with the 
proposal of several schemes. 
The objectives of any scheme designed should be to achieve: 
o  Maximum dependability 
o  Maximum security 
127 
There is always a conflict between the above two elements of the 
reliability. The configuration of the system, the size and type of 
the load, and the type of the generating units are some of the 
factors which should be considered when deciding between the 
security and the reliability.  A compromise best suited to one's 
system should be selected. 
The following factors should be considered in designing a control 
scheme: 
o The total load supplied by a substation should not be tripped 
on any one step of a multi-step program; instead it should be 
scattered among all the steps, or some of the steps. 
o  Th^ scheme should not be allowed to operate if any single 
device failed to function properly. 
o Use of unnecessary interposing or auxiliary devices should be 
avoided. 
o  The scheme should be supervised by the proper sensing quantity 
(such as current, potential, etc.) along with the under- 
frequency sensing. 
o  Use of unnecessary time delay or external times should be avoided. 
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The following devict numbers, symbols, and abbreviations are used 
in the proposed schemes: 
86  - Lockout type relay 
81  - Under or over frequency relay 
62  - Timing relay 
27  - Undervoltage relay 
50  - Overcurrent relay 
TDPU -   Time delay pickup 
CB - Circuit breaker 
PT - Potential transformer 
CT  - Current transformer 
UFCO/SW -    Underfrequency cutout switch 
TDR - Time delay on restoration relay 
0  - Operating coil 
R  - Reset coil 
df/dt - Rate of change of frequency (Hertz/second) (Inverse 
characteristics) 
_^ - Normally open contact (open when de-energized) 
ZZt    - Normally closed contact (closed when de-energized) 
oh Push-button 
Load Relief and Restoration Schemes 
In designing the control schemes, emphasis has been placed on the 
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previously outlined design-factors, therefore, the proposed 
schemes are somewhat different and slightly more expensive than 
the commonly used schemes. 
Although, all the proposed schemes are based on the single tapped 
lines, they equally apply to two lines operating in parallel 
similar to the configuration shown in Figure 4, page 31. 
All the load relief/restoration schemes are supervised by voltage 
and current sensing relays and provide tripping of the station 
load with a three step program using underfrequency relays (81), 
lockout type relays (86), and timing relays (62).  An attempt has 
been made to keep a balance between security and dependability 
with some degree of variation. 
A station battery either 250 V, 125 V, or 48 V dc is commonly 
used for tripping. 
The underfrequency sensing relays (81) operate and close their 
contacts when the applied source frequency is at, or below a 
preset value.  The closing of underfrequency relay contacts and 
the supervising relay contacts will energize the lockout type 
relays (86). The lockout relays will trip the necessary load 
feeders and block all reclosing until restoration is initiated 
either manually or automatically. 
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In order to evaluate the protection and control provided by each 
scheme, the schemes are described as follows: 
o  General characteristics, common to all schemes. 
o  Specific characteristics, particular to each scheme. 
General Characteristics - The load relief/restoration schemes, 
Figures 13 to 22, pages 138 to 147 respectively, have the 
following common features: 
o  Two underfrequency sensing relay (or one with -r- supervision) 
contacts in series are provided for security against false 
tripping. 
o  Separate sensing potential is used for each underfrequency 
sensing relay to provide security against misoperation. 
o  Voltage supervision (27/supervision) - Underfrequency relay 
tripping is blocked for low voltages.  This feature is 
usually built in the underfrequency relays. 
o  Current supervision (50/supervision) - Underfrequency tripping 
can be blocked if there is no load current flowing. 
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o  Underfrequency Scheme Cutoff Switch (UFCO/SW) - Underfrequency 
tripping can be blocked by simply opening the "UFCO/SW" at 
the substation. 
o  Separate trip relay for each step (86) - In order to avoid 
the total interruption of a substation load, the station 
load should be divided among all the steps (or some of the 
steps, if there are too many steps) of the program.  This 
will allow load relief to be scattered evenly throughout the 
system. 
o  All equipment for each scheme should be packaged in a separate 
cabinet to keep the integrity of the protection. 
Specific Characteristics - The specific characteristics of load 
relief schemes, schemes 1 to 5, and load restoration schemes, 
schemes 1 to 3, are as follows: 
6.1 Load Relief Schemes: 
o   Scheme 1, Figure 13, page 138, - This scheme requires 
two multiset point relays with their contacts wired in 
series for security against false operation.  Failure 
of anyone of the potential sources or the underfrequency 
relay will make the scheme inoperative.  The scheme is 
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reasonably secure and dependable. 
o   Scheme 2, Figure 14, page 139, - This scheme requires 
four single-set-point relays.  The step 2 load can be 
disconnected only if the step 1 relay "81A-1" has 
operated.  The step 3 load can be disconnected only 
after the step 1 and 2 relays "81A-1" and "81B" have 
operated.  Thus, this scheme is more secure than the 
scheme 1. However, it is less dependable than scheme 1 
due to the fact that if step 1 relay fails to operate 
then steps 2 and 3 will be disabled and/or if step 2 
relay fails then step 3 will be disabled. 
This scheme is slightly more expensive than the scheme 1 
since more underfrequency relays are required. 
o   Scheme 3, Figure 15, page 140, - This scheme requires 
one single-set-point underfrequency relay and one 
multi-set point underfrequency relay. The scheme is 
similar in operation to scheme 2, but is less expensive 
than the scheme 2. 
o   Scheme 4, Figure 16, page 141, - This scheme requires 
one multi-set point relay or 3 single set point relays. 
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In addition to the standard supervising quantities, the 
scheme is also supervised by the rate of change of 
frequency which allows the scheme to operate faster for 
a large initial generation deficiency.  The installation 
cost, of this scheme is the same as for scheme 3 but, it 
is cheaper than scheme 2.  The scheme permits the 81 
relay to be set at a higher frequency set point.  If 
desired, the -r- relay contact can be sealed-in as soon as 
t,  df  .       ,. the -T- relay operates, dt     J      r 
Scheme 5, Figure 17, page 142, - This scheme is similar 
to the scheme 4 except that the rate of change of 
frequency supervision is provided only on the step 1 
instead of supervising the entire schema.  This scheme 
is less dependable than scheme 4 because the step 2 
trip relay will operate only after the step 1 and the 
step 3 trip relay will operate only after the steps 1 
and 2.  The installation cost of this scheme is similar 
to scheme 4.  The rate of change of frequency supervision 
allows disconnection of the first, step load faster for 
large initial generation deficiency, and the 81-1A 
relay to be set at a higher frequency set point. 
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6.2 Load Restoration Schemes 
o   Schemes 1, 2, and 3, Figures 18, 19, and 20, pages 143 
to 145, - These schemes represent the restoration of 
the system in combination with the load relief.  The 
load restoration schemes, after a load relief incidence, 
can be operated manually (local or supervisory) or 
automatically.  In these schemes, the load relief 
master trip relays used are of an electric reset type. 
The electric reset type relay has a operating and a 
reset coil.  By energizing the reset coil, the relay 
can be reset to its pre-operating position.  This 
unblocks the reclosing of the feeder lines which were 
previously tripped allowing them to reclose manually or 
automatically.  The resetting of master trip relays is 
accomplished after a predetermined time delay. 
The automatic load restoration scheme 1 utilizes the 
restoration contacts available on the underfrequency 
relays.  The restoration contacts of two frequency 
relays are wired in series for security against 
misoperation, and the contacts in series reset the 
entire scheme. 
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The automatic load restoration scheme 2 utilizes a 
separate frequency relay for the purpose of restoration. 
Each step of the load relief program is independently 
reset.  This scheme is slightly more expensive than the 
scheme 1 since it requires an extra restoration relay. 
The scheme 3 is a manual restoration scheme.  The 
entire scheme can be reset either by means of a push- 
button or a switch located at the substation, or by 
supervisory control. 
The restoration schemes, if desired, can be blocked by 
manual control, either locally at the substation, or by 
supervisory control.  The load restoration schemes can 
be added on to any of the load relief schemes. 
6.3 Turbine-Generator Protection Schemes 
o   Scheme 1, Figure 21, page 146, - This scheme utilizes 
two single set point relays and can be designed either 
as shown in part (a) or part (b) of the Figure 21, page 
146.  Part (a) provides better security since a trip 
output requires operation of both the underfrequency 
relays 81-1 and 81-2, and the timing relay (62).  Part 
(b) is more dependable since operation of any one of 
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the underfrequency relays 81-1 or 81-2, and the timing 
relay (62) can produce a trip output. 
Scheme 2, Figure 22, page 147, - This scheme utilizes 
three single set point underfrequency relays and can be 
designed either as shown in part (a), (b), or (c) of 
Figure 22, page 147.  Part (a) is more secure in operation 
than part (b) since it produces a trip output only if 
all the underfrequency relays (81-1, 81-2, and 81-3) 
and the timing relay (62) have operated.  Part (b) 
produces a trip output if relay 81-1, and 81-2 or 81-3 
have operated. 
Part (c) is the most secure scheme but is not as dependable 
as part (a) or (b).  Operation of relay 81-1 will 
operate 81-2 or 81-3, and the operation of 81-2 will 
operate 81-3.  The trip output will be produced only if 
relays 81-1 and 81-2 have operated.  This scheme is 
slightly more expensive than scheme 1 since an extra 
underfrequency relay is required. 
In considering all these schemes one must evaluate the 
advantages and disadvantages of various approaches and 
techniques and should select a scheme that best meets a 
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particular system's requirements.  Obviously many other 
schemes are possible with varying emphasis on the main 
objective of achieving dependability and security. 
Any one of the proposed schemes can be applied on a given 
power system, and can provide maximum service continuity 
without equipment damage and total system shutdown.  In 
selecting a particular scheme, the total costs (initial, 
operating, and maintenance), the availability of equipment, 
and the degree of protection they provide must be carefully 
weighed against the risks of no protection or inadequate 
protection being applied. 
The proposed load relief schemes allow load relief to be 
spread evenly throughout the system.  If the load relief is 
not spread evenly, heavy power flows could result from the 
area where load is disconnected to the area of excess load 
where load relief was not applied.  This may cause overloading 
of the transmission lines and system unstability.  The net 
result could be system separation, or system shutdown. 
The proposed load restoration schemes, either automatic or 
manual, allow load restoration to be applied in small blocks 
(considerably smaller than the load relief blocks) after the" 
initial system recovers to rated system frequency.  This is 
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accomplished either automatically by timing relays, or 
manually by means of control switches.  Restoration of small 
blocks of load with sufficient time delays will cause «mall 
frequency dips which can be corrected by the governor actions. 
Any one of the generator protection schemes can be equally 
applied to any given machine depending upon the desired 
level of security and dependability. 
6.4 Cost Comparisons 
The typical 1981 installation cost of each recommended scheme 
is as follows: 
Base Cost - Common to all load relief/restoration schemes 
o   Material Cost 
1 - overcurrent relay $ 560 
1 - UFCO/SW $  50 
1 - Cabinet to house the equip.   $ 550 
1 - Lot miscellaneous items       $  40 
(fuses, nameplates, wires, etc.) 
o Labor (100 manhours at $22) $2,200 
o Test ( 40 manhours at $25) $1,000 
o Engineering ( 40 manhours at $30) $1,200 
o Drafting ( 80 manhours at $25) $2,000 
TOTAL        $7,600 
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Cost for the undervoltage relay (27) function is not added 
since this is usually built into the underfrequency relay. 
If the undervoltage feature is not provided in the under- 
frequency relay then the installation cost of this device 
must also be added. 
In order to arrive at the typical installation cost of each 
scheme, the particular items of each scheme will be added to 
the base cost. 
Installation Cost of Load Relief Scheme 1 
Base Cost 
2-Multi-set-point underfrequency relays 
3-Hand-reset-lockout relays 
Labor (16 manhours at $22) 
Test ( 8 manhours at $25) 
Engineering   ( 8 manhours at $30) 
Drafting      (16 manhours at $25) 
$ 7,600 
$ A,000 
$ 600 
$ 352 
$ 200 
$ 240 
$  400 
TOTAL    $13,392 
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Installation Cost of Load Relief Scheme 2 
Base Cost 
4-Single-set-point underfrequency relays 
3-Hand-reset-lockout relays 
Labor        (32 manhours at $22) 
Test (16 manhours at $25) 
Engineering   (16 manhours at $30) 
Drafting      (32 manhours at $25) 
$ 7,600 
$ 3,000 
$ 600 
$ 704 
$ 400 
$ 480 
$ 800 
TOTAL    $13,584 
Installation Cost of Load Relief Scheme 3 
Base Cost 
1-Multi-set-point underfrequency relay 
1-Single-set-point underfrequency relay 
3-Hand-reset-lockout-relays 
Labor (16 manhours at $22) 
Test ( 8 manhours at $25) 
Engineering   ( 8 manhours at $30) 
Drafting      (16 manhours at $25) 
$ 7,600 
$ 2,000 
$ 750 
$ 600 
$  352 
TOTAL 
$ 200 
$ 240 
$ 400 
$12 ,142 
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Installation Cost of Load Relief Scheme 4 or 5 
Base Cost $ 7,600 
1-Multi-set-point underfrequency relay $ 2,000 
1-df/dt relay $  750 
3-Hand-rcset-lockout relays $  600 
Labor        (16 manhours at $22) $  352 
Test         ( 8 manhours at $25) $  200 
Engineering   ( 8 manhours at $30) $  240 
Drafting      (16 manhours at $25) $  400 
TOTAL    $12,142 
Installation Cost of Load Restoration Scheme 1 
Base Cost $ 7,600 
2-Multi-set-point underfrequency relays with     $ 5,000 
restoration contacts 
3-Electric-reset-type lockout relays $ 1,800 
1-Local restoration blocking switch 
1-Supervisory restoration blocking relay 
3-TDPU - Timing relays 
Labor        (40 manhours At $22) 
Test (24 manhours at $25) 
Engineering   (24 manhours at $30) 
Drafting      (50 manhours at $25) $ 1,250 
$ 50 
$ 100 
$ 300 
$ 880 
$ 600 
$ 720 
TOTAL    $18,300 
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Installation Cost of Load Restoration Scheme 2 
Installation cost of Load Restoration Scheme 1 $18,300 
1-Restoration relay (Installation Cost) $  800 
(Includes $500 material cost and $300 
for labor and overhead)   
TOTAL $19,100 
Installation Cost of Load Restoration Scheme 3 
Same as the installation of Scheme 1 except under- 
frequency relays are without restoration contacts. 
This reduces costs by (used $4,000 as the under- 
frequency relay cost) $1000. 
TOTAL $17,300 
Installation Cost of Turbine-Generator Protection Scheme 1 
Material 
- 2 - underfrequency relays $ 1,500 
- 1 - UFCO/SW $   50 
- 1 - TDPU - timing relay $  100 
- 1 - lot miscellaneous (fuses, nameplates, $   48 
wires, etc.) 
Labor        (16 manhours at $22) $  352 
Test ( 8 manhours at $25) $  200 
Engineering   (10 manhours at $30) $  300 
Drafting      (20 manhours at $25) $  500 
TOTAL    $ 3,050 
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Installation Cost of Turbine-Generator Protection Scheme 2 
Cost of Scheme A or B: 
Installation Cost of Scheme 1 $3,050 
1-Underfrequency relay $ 750 
Labor        (24 manhours at $22) $ 528 
Test (16 manhours at $25) $ 400 
Engineering   (15 manhours at $30) $ 450 
Drafting      (30 manhours at $25) $  750 
TOTAL    $5,928 
Cost of Scheme C: 
Added cost of two more timing relays to the cost 
of Scheme A or B. 
Cost of Scheme A or B $5,928 
Material - 2 timing relays $ 200 
Labor        (8 hours at $22) $  176 
Test         (2 hours at $25) $  50 
Engineering   (2 hours at $30) $  60 
Drafting      (8 hours at $25) $ 200 
TOTAL    $6,614 
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The results of Cost Comparisons can be summarized as follows: 
o   Typical 1981 installation cost for any of 
the load relief schemes $12,142 to $13,584 
o   Typical 1981 installation cost for any of 
the load restoration schemes along with 
the load relief scheme $17,300 to $19,100 
o   Typical 1981 installation cost for the 
Turbine-Generator protection scheme 
- 2 relay scheme $ 3,050 
- 3 relay scheme $ 5,928 to $ 6,614 
It should be noted that, when more than one installation is 
Used, the protection package can be standardized.  Standard- 
ization will reduce the cost of any subsequent installations 
considerably. The selection of a particular scheme, there- 
fore, should not be based entirely on the installation cost, 
because the installation cost of these schemes represents 
a small fraction of the total protection cost provided for 
the transmission and generation facilities. 
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To maintain the integrity of the relay and control schemes, 
they most be periodically checked in order to insure that 
they will always be ready to operate with certainty. 
The following are the most common reasons for the failure 
(not operate or misoperate) of a particular scheme: 
o Dirty relay contacts 
o Open relay circuit 
o Wrong relay setting 
o Incorrect relay adjustment 
o Loose connections 
o Wiring errors 
o DC control supply trouble 
o Blown fuse 
o Current or potential transformer troubles 
The following tests should be performed to ensure that the 
schemes are in good operating conditions: 
o   Acceptance test at the time of installation or commis- 
sioning of the underfrequency relays. 
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o   Periodic test to check the calibration and the condition 
of the underfrequency relays. 
o   Periodic test to cause movement of the parts and chrck 
the continuity of the control circuit. 
o   Simulated periodic trip test. 
Summary: 
The findings of the chapter 6 can be summarized as follows: 
The implementation of the load relief/restoration schemes is 
the most important part of the whole program.  The designing 
of the actual control schemes should be given the highest 
priority to achieve a level of security consistent with the 
whole program. The success or failure of a given program 
will depend largely upon the soundness and the integrity of 
the control scheme. 
Economics of the various schemes have been provided to 
assist in evaluations. These proposed schemes are new 
designs yet to be proven in the field by being part of 
actual field installations.  But they are based on sound 
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design criteria that relate to historical information and 
operating experience of other current schemes. 
The condition of the control schemes and the relays should be 
checked periodically to ensure that they will operate when 
required. 
The next chapter summarizes the conclusions and the recommendations. 
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusions: 
In power system operations, the load and generation must 
always be matched.  Any mismatch will result in deviation of 
the frequency from-the rated 60 hertz to some other value.  A 
surplus of generation will raise the frequency and a deficiency 
of generation will result in reduced frequency. 
Sudden and large losses in generation due to the system 
disturbances can produce a severe generation and load 
imbalance which can result in rapid frequency decline.  The 
frequency decline should be prevented before the equipment 
operating limits are reached. 
One of the actions which can be taken to arrest the declining 
frequency is to interrupt a portion of the load (load relief) 
for a short period of time rather than to permit system 
frequency decline until the total system collapses. 
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Due to the speed and certainty of operation, automatic frequency 
control should be the choice to provide load relief to match 
load and generation. 
The automatic control will increase the system reliability by 
preventing a total system collapse when the load on the 
system exceeds the available generation. 
Upper and lower operating frequency limits (below the rated 
60 hertz) should be established before other underfrequency 
parameters are determined. The lower operating frequency 
limit should be coordinated with the turbine-generator under- 
frequency protection. 
The fast electromechanical relays or the new solid state 
relays with their greater precision and stability can achieve 
coordinated oyfltcmwide automatic load relief and restoration. 
Security and dependability should determine the design of 
load relief restoration schemes. 
The implementation of an effective load relief/restoration 
program can be achieved without undertaking complex and 
extensive system studies. 
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The high investment in the turbine-generator units requires 
that they should be protected against damage from the under- 
frequency operations.  Automatic underfrequency protection 
of turbine-generator units will reduce the chances of extended 
outages for the repair of possible turbine blade damage. 
The high cost incurred because of generation down time 
should be used as a justification for the installation of 
underfrequency relays. 
Summary of PJH Practices - With an overall plan of load relief, 
generator tripping and isolation, the PJM interconnection's 
reliability has improved considerably.  Due to the declining 
frequency, chances are good that the system will not experience 
a total shutdown, the equipment will be protected and the 
restoration time will be shortened. 
Summary of PP&L Practices - Coordination of automatic and 
manual load relief, generator tripping, and part of the 
system restoration by means of supervisory control, provides 
considerable flexibility in the application of a load relief/ 
restoration program in the PP&L system.  The unique features 
of PP&L's underfrequency relay control scheme design further 
enhances the reliability consistent with the total load relief 
program. 
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The important features of the PP&L program are: 
o   It can meet generating capacity deficiencies requiring 
manual load relief during non-disturbance type situations. 
o   It can address situations resulting in overloads and 
frequency decay in up to 60 percent of system load. 
o   It permits restoration, by supervisory control, of 20 
percent (out of the 30 percent load reduction which is 
automatically controlled) of the load interrupted by 
the underfrequency relays for disturbances resulting in 
the operation of underfrequency relays. 
7.2 Recommendations 
o   The load relief program should be a simple one, and 
should be applied in sufficient quantity as quickly as 
possible to restore load and generation balance. 
Highest priority should be placed on the implementation 
portion of the program because success or failure of 
the program will depend on this. 
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The load relief/restoration schemes should be carefully 
planned to ensure that they meet the system needs, and 
disconnect the required amount of load as quickly as 
possible.  The recommended new schemes are outlined in 
Chapter 6. 
The control schemes should be checked periodically to 
ensure that they will operate when required.  The under- 
frequency relays and the other equipment used in the 
schemes should also be checked for their calibration and 
proper coordination.  A coordination study should be 
conducted similar to as outlined in Chapter 5. 
The underfrequency devices should be the main device in 
sensing the load-generation mismatch but should be 
supervised either by current, low voltage, rate of 
change of frequency, or power flow relays to increase 
the security against false tripping. 
Automatic, intentional system separation from a powerpool 
or an interconnection should be discouraged.  If such a 
policy is adopted it should be applied as a last resort, 
that is, only if power is flowing out of the system with 
a continuing decline of frequency. 
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o   In an interconnected power system, all member systems 
should apply a uniform policy in selecting the number 
and size of load relief steps, the amount of load relief, 
the frequency set points, the type of underfrequency 
relays, and the time delay at each set point.  These 
parameters should be coordinated with the neighboring 
powerpools or the interconnections. 
o   The total substation load should not be controlled by a 
single frequency set point but should be scattered among 
all the set points, or some of the set points. 
o   The total amount of load at each step should be distributed 
over a number of locations in the system. 
o   The load relief program should always be a multi-step 
program to avoid excess load relief. 
o   Underfrequency protection should not be used to avoid 
strengthening the bulk power transmission system.  The 
transmission system should be strengthened in the areas 
which are more prone to separation. 
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o   The required amount of overload against which underfrequency 
protection should be provided can be selected by trial 
and error method instead of by undertaking complex 
system studies. 
o   The load restoration program should be a semi-automatic 
program (part automatic and part manual) to gain the 
advantages of both the systems. 
o   Automatic restoration should be applied only after 
system frequency has stabilized to rated 60 hertz for a 
certain period of time. 
o   Restoration steps should be smaller than the relief 
steps. 
o   The load relief steps which are designed to be removed 
first should be restored first in order to minimize the 
transients in the event of any subsequent disturbances. 
o   The supervisory control equipment technology over the 
years has matured, therefore, greater emphasis should be 
placed on this type of control to backup the automatic 
load relief/ restoration programs. 
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o   The load relief/restoration programs should be perio- 
dically reviewed and, if required, updated to take care 
of the changes in the system generation, transmission, 
and load. 
o   Isolation of turbine-generator units on low frequency, 
carrying their own auxiliary load, should be adopted 
rather than tripping.  The isolation should be automatic 
to achieve the speed and the certainty of operation. 
o   Turbine-generator units should be separated at a frequency 
set point below the lowest level of load relief program. 
o   The turbine-generator protection should be in service 
only when the unit is carrying load. 
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APPENDIX A 
FREQUENCY CHARACTERISTICS 
The relationships between frequency, load, and generation torques 
are as follows: 
Symbols used are: 
Lp = Per unit load power or electrical power output corrected 
for losses. 
L_ = Per unit load torque or electrical torque on remaining 
generation base. 
Gp = Per unit generator power or mechanical power of the 
remaining system. 
G_ = Per unit generator torque or mechanical torque of the 
remaining system. 
N_ = Net torque; positive if accelerating; negative if deceler- 
ating; this is the algebraic difference of mechanical 
and electrical torques. 
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H = Per unit generator inertia constant - sum of all the 
generator inertia constants in per unit on the total 
remaining generation. 
6 = Electrical displacement angle - rotor position relative 
to synchronous rotating reference frame. 
Ws = Synchronous velocity of the machine. 
d = Load reduction factor. 
t = Time in seconds. 
Af = Small change in frequency 
f = Rated frequency (base frequency) 
j-    - Per unit change in frequency. 
LOAD TORQUE 
Lp« fd 
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Load power varies directly as some power of frequency. 
Lp = A fd 
where, 
A = proportionality constant 
£ = A (d-1) f<-2' 
For a small change in frequency, the load torque can be obtained as 
follows: 
^ = A (d-1) f(d_2) 
or ALT = A (d-1) f(d"2) Af 
or LT + ALT = A (d-1) f(d_2)Af + A f(d_1) 
or LT + ALT = A f(d_1) [l + (d-l)-|^-j 
Ln = LTO [1 + (d_1) r1 (1) 
where, L™. = Per unit load torque after a per unit frequency change of 
f 
L„n = Initial per unit load torque. 
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y-    = Positive for change above rated 60 hertz. 
■j-    -  Negative for change below rated 60 hertz. 
GENERATOR TORQUE 
GT«I 
Generator torque varies inversely as the frequency. 
GT = Bf"1 
where, 
B = proportionality constant 
dGT -1 
or
 dt = B (_1) f 
For a small change in frequency, the generator torque can be obtained 
as follows: 
AG 
1
   = B (-1) f * 
Af 
or      AGT = B (-l)f"2 Af 
or      GT + AGT = Bf"1 + B(-l) f"2 Af 
or      GT + AGT = B f"1 [l - ^|] 
or      GT1 = GT0 [1 - ^|] (2) 
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where, 
G_  = Per unit generator torque after a per unit 
change of frequency Af/f 
G„  = Initial per unit generator torque. 
—7 = Positive for change above rated 60 hertz. 
—7 = Negative for change below rated 60 hertz. 
SWING EQUATION 
From the basic equation of rotating machines, sometimes called the 
swing equation, we have: 
«&     "JJLL 
dt2 "    H 
N~ = 0, for steady state operation 
N„ = G, - L„,, Acceleration 
N_ = L„ - G_, Deceleration 
The angular velocity of a rotating machine can be expressed as 
W = Ws + g dt 
or      ^ = (W - Ws) = AW = 2/lAf 
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where AW = small change in frequency. 
or       dj6 _ d (AW) 
dt2~ 5t 
We can write, 
d(AW)  NT " f 
dt       H 
2
 
n
 dt <Af) = -4- 
2H ^]     = NT = (GT1 - LT1) 
From equations (1) and (2), we get 
2UTt^f] = GTO fi -f) - 4o i» + w-»)ri 
2H ^ [f ]  = (GT0 - LT0)-[GT0 ♦ LT0(d-l)] *f 
If G_, + L  (d-1) = d = total load reduction factor (3) 
then, 
2H «L [M]  = N  . d  (Ml zn
 dt l f1    T0   T f 
or
  1. ,Af,    NT0 - dT [f ^  (A) 
dt lf J       2H 
where N„n = Net initial torque 
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By rearranging the equation (4), we can write 
dt lf J  2H l fJ   2H 
The solution of this differential equation is 
Wf - !!lO fl _ 2^,     (5) 
f ' dT  ll  e  J 
where Wf = per unit change in frequency, if the base frequency 
f 
was 60 hertz then, 
f = 60 
which gives 
-X 
Wf = 60 NT0 (1 " e 2H ]   (6) 
dT 
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APPENDIX B 
SAMPLE CALCULATIONS 
1.  Reference to Figure 6, page 46, Time-frequency characteristics 
for different percentages of overloads - Apply equation (6), 
Appendix A: 
Af = 60 
NT 
_1 
2H 1 
Assumptions: 
H = 4 
d = 2 
rated frequency = 60 hertz 
Curve for 10 percent initial overload 
GTQ =1.0 per unit 
LT_ =1.1 per unit 
NTQ =0.1 per unit 
dT0 = GT0 + LTO (d"1} 
= 2.1 
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Af - 60 (-0.1) 2.1 1-e 
> x 4 
Solving this for various values of t 
t (seconds) Af (hertz) f (hertz) 
1 
2 
3 
4 
-0.66 
-1.17 
-1.56 
-1.86 
59.34 
58.83 
58.44 
58.14 
Curves for 30, 50, 80 and 100% percent initial overloads 
The calculation for each of these curves is similar to the 10 
percent overload, therefore, they are not shown. 
2.  Reference to Figure 7, page 47, - Effect On Frequency Of 
Different Percentages of Load Relief. 
Assumptions: 
Initial Overload - =25 percent 
Initial Generator Torque, G__ =1.00 per unit 
Initial Load Torque,     L„0 = 1.25 per unit 
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System Inertia Constant,        H = U 
Load Reduction Factor, d = 2 
Load Relief Applied at = 58.5 hertz 
Initial Total Reduction Factor, d  = G  + L  (d-1) 
= 1 + 1.25 (2-1) = 2.25 
Initial Net Torque, N_0 - G„ - L„0 = 1 - 1.25 
= - 0.25 per unit 
Af = - 1.5 hertz 
By using equation (6) Appendix A, the time required for the System 
frequency to drop to 58.5 hertz. 
2.25 
2x4C 
 ■—      ||  —  *» 
2.25 
. 1>5 = 60*^25) (1_;
t = 0.91 seconds 
(a) apply 30 percent load relief at 58.5 hertz, 
the total overload just before the load relief = L™. 
LT1 = ^0 (1 + (d_1) ~7^] 
LJ = 1.25 [1 + (2-l)("^5) J = 1.219 per unit 
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The equivalent load relief at 58.5 hertz is not 30 percent but 
some lower value due to load damping: 
LT3Q = 0.3 [1 + (2-1) ("^5)] = 0.2925 per unit 
The net load torque after the load relief is 
LT1 = L,^ - T.T30 = 1.219 - 0.2925 
= 0.9265 per unit 
The generator torque at 58.5 hertz = G, Tl 
(-Af), 
GT1 = GT0 Jl  60 
= 1.0 [1 - ^Q'5)] = 1.025 per unit 
The accelerating torque after 30 percent load relief = N-,. 
NT1 = GT1 " LT1 = 1-°25 " °-9265 
= + 0.0985 per unit 
The total load reduction factor at 58.5 hertz = d Tl 
dTl = GT1 + LT1 (d_1) 
= 1.025 + 0.0265 (2-1) = 1.9515 
Let Af = + 2.0 hertz, equals to 60.5 hertz 
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Time required to reach 60.5* hertz after 30 percent load relief 
-
dTl N t Af     Tl r,     2H , 
60 = d^ [1 " e    1 
-1.9515 
2_ _    0.0985 fl     2 x 4 , 
60     1.9515 l  " c J 
t = 4.43 seconds 
If the load relief applied is more than the initial overload, the 
system will recover in 4.43 seconds. 
(b) Apply 25 percent load relief at 58.5 hertz.  By following the 
steps outlined in part(a), we can obtain time and frequency 
relations at: 
t = 5 seconds; Af = + 1.35; and f = 59.85 hertz 
t = 10 seconds; Af = + 1.37; and f = 59.87 hertz 
t =    oo    ; Af = + 1.5;  and f = 60.0 hertz 
As the frequency decreases, the generator torque increases faster 
than the load torque decrease and therefore the overload at 58.5 
hertz is less than that at 60 hertz.  Thus the frequency will 
* - The final settled out frequency will be 61.5 hertz at t=°° 
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eventually reach 60 hertz if the load relief equals the 
overload.  With smaller load reduction factor it would take a 
longer time to reach rated 60 hertz.  It should be noted that if 
the damping (load reduction factor) is neglected the frequency 
will hold to 58.5 hertz when load relief equals the overload. 
(c) Apply 20 percent load relief at 58.5 hertz.  By following the 
steps outlined in part (a), we can obtain time and frequency 
relations at: 
t = 5 seconds;  Af = + 0.02; and f = 58.52 hertz 
t = 10 seconds; Af = + 0.027; and f = 58.527 hertz 
t =    oo    ; Af = + 0.03; and f - 58.53 hertz 
If the load relief is less than the overload, the final frequency 
will be less than 60 hertz, as indicated.  At 20 percent load 
relief, the system frequency will, for all practical purposes, 
remain at 58.53 hertz. 
If less than 20 percent load relief is applied, the system 
frequency will continue to decay but at a slower rate. 
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Parts (a), (b), and (c) are plotted in Figure 7, page 47, 
to show the effect of dropping different percentages of load 
assuming that the generator and load torques vary with system 
frequency. 
3.  Reference to Figure 8, page 49, - System frequency recovery 
with a three step, 30 percent load relief program: 
Assumptions:  Neglect relay and circuit breaker operating 
time. 
H = A, d = 2, initial overload = 0.25 per unit 
G_Q = 1.0 per unit, L„0 = 1.25 per unit, N_,Q = -0.25 per unit 
Apply load relief as follows: 
10 percent Joad block at 59.3 hertz 
10 percent load block at 58.9 hertz 
10 percent load block at 58.5 hertz 
Initial load reduction factor, d_n = G__ + L~0 (d-1) 
= 1 + 1.25 (2-1) 
= 2.25 
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Time required for the system frequency to drop to 59.3 hertz: 
Af = -0.7 hertz 
by using equation (6), appendix A, we get 
_ 60  (-0.25) 
' 2.25 
■2.25 . n 
1 - e 2x4 
t =0.39 seconds 
t. = time required to disconnect first step load 
After the first step load relief at 59.3 hertz 
Calculate the new load torque, generator torque, net torque and 
load reduction factor. 
The load torque 
The load torque just before the load relief is: 
LT1 = LT0 I1 + <d-!) ^ 
1.25 [1 + (2-1) ^j^1) 
=  1.236 per unit 
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The equivalent load relief at 59.3 hertz is not 10 percent but 
some lower value due to the load reduction factor, or: 
L'10 = 0.1 [1 + (2-1) t=%n 
= 0.098 per unit 
The net load torque after the load relief at 59.3 hertz is: 
L      L1     L1 HT1 = bTl  - T10 
= 1.236 - 0.098 
= 1.138 per unit 
The generator torque at 59.3 hertz is: 
GT1 = GT0 ll " ~60~ ' 
= 1 [1 - i^ii] 11
   60  ' 
= 1.0117 per unit 
The net accelerating torque after the 10 percent load relief at 
59.3 hertz is: 
NT1 = GT1 " LT1 
= 1.0117 - 1.138 
= -0.126 per unit 
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The total load reduction factor at 59.3 hertz after the load 
relief is: 
dT1 = GT1 + LT1 (d-1) 
= 1.0117 + 1.138 (2-1) 
= 2.15 
Second step load relief at 58.9 hertz 
Time required to reach 58.9 hertz from 59.3 hertz 
Af = -0.4 hertz 
I2115 
60  (- 0.126) .     2 x 4C 
2.15     l J 
t„ = 0.45 seconds 
t„ equals the time required to disconnect the second step load 
after the first step load is disconnected.  Apply an additional 
10 percent load relief at 58.9 hertz.  Calculate the new load 
torque, generator torque, net torque, and load reduction factor. 
The load torque 
The load torque just before the second step load relief is: 
r1   = i     [i + fd-n (~Af) 
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1.138 [1 + (2-1) ^i] 
= 1.13 per unit 
The equivalent load relief at 58.9 hertz is not 10 percent but 
some lower value due to the load reduction factor, or: 
LT20 = 0.098 [1 + (2-1) ^p] 
0.097 per unit 
L     L1   L1 T2 = T2 - T20 
= 1.13 - .097 
= 1.033 per unit 
The generator torque at 58.9 hertz is: 
GT2 " GT1 ll  60  ] 
= 
l
'
0U7
   I1 "^ 1 
= 1.018 per unit 
The net accelerating torque after the second step load relief is: 
NT2 ~ GT2 " LT2 
= 1.018 - 1.033 
-0.015 
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The total load reduction factor at 58.9 hertz after the second step 
load relief is: 
dT2 = 1.018 + 1.033 (2-1) 
= 2.05 
The third step load relief at 58.5 hertz 
Time required for the system frequency to drop to 58.5 from 58.9 hertz. 
= 60 X (-0.015)   . 
2.05 
t = A.26 seconds 
-2.05 -i 
2 x 4C 
t„ equals to the time required to disconnect the third step load 
after the second step is disconnected.  Apply 10 percent additional 
load relief at 58.5 hertz.  Calculate the new load torque, the 
generator torque, the net torque, and the load reduction factor. 
The load torque just before the third step load relief is: 
LT3 = LT2 f1 + (dM) ^ 
1.033 [1 + (2-1) ^^1 
= 1.026 per unit 
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The equivalent load relief at 58.5 hertz is not 10 percent but 
some lower value due to the load damping, or: 
LT30 = 0.097 [1 + (2-1) ^pl 
= 0.096 per unit 
L   = L1  - L1 T3    T3   T30 
= 1.026 - 0.096 
= 0.93 per unit 
The generator torque at 58.5 hertz is: 
GT3 = GT2 (1 " ~T0~  ] 
=  1-018 (1 -i^*ij 
=  1.025 per unit 
The net accelerating torque after the third 10 percent load relief 
at 58.5 hertz is: 
NT3  GT3 " LT3 
= 1.025 - .93 
0.095 per unit 
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The total load reduction factor at 58.5 hertz is: 
dT3 = GT3 + LT3 (d_1) 
= 1.025 + 0.93 (2-1) 
1.955 
System recovery time to 60 hertz frequency is: 
Af = + 1.5 hertz 
1.5 60 (+.095) 1.955 1 - e 
1.955 
"2x4 
t, = 3.0 seconds 
The system will recover to 60 hertz in 3 seconds after the third step 
load is disconnected. 
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